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ABSTRACT

Cdc6 is sequentially regulated by PP2A-Cdc55, Cdc14 and Sic1 for origin licensing
in S. cerevisiae
by
Jasmin Philip
Advisor: Amy Ikui
Control of DNA replication is critical for progression of the cell cycle and
genomic stability. Cyclin-dependent kinases (CDKs) coordinate numerous
phosphorylation events to accomplish two biological tasks for all living organisms:
DNA replication and cell division. One CDK, Cyclin-Cdc28, is responsible for cell
cycle progression in budding yeast. DNA replication requires a stepwise assembly of
the pre-replicative complex on DNA, including Orc1-6, Cdc6, Cdt1 and Mcm2-7,
during M-G1 phase. Cdc6 contains eight Cdc28 consensus sites, SP or TP motifs.
Clb5-Cdc28 phosphorylates Cdc6-T7 to recruit Cks1, the Cdc28 phospho-adaptor,
for subsequent multisite phosphorylation during S phase. There are two phosphodegrons at T39-S43 and T368-S372 which target Cdc6 for SCF-dependent
ubiquitylation, followed by proteasome-mediated protein degradation. Cdc6
accumulates in mitosis and is tightly bound by mitotic cyclin Clb2 through N-terminal
phosphorylation in order to prevent premature origin licensing. Cdc6-Clb2 binding
potentially protects Cdc6 from protein degradation by shielding the N-terminal
phospho-degron. These mechanisms ensure high Cdc6 levels in mitosis even when
Cdc6 is not bound to DNA.
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It has been extensively studied how Cdc6 phosphorylation is regulated by the
Cyclin-Cdc28 complex. However, a detailed mechanism for reversing Cdc6
phosphorylation has not been elucidated. Two major phosphatases in yeast,
PP2ACdc55 and Cdc14 counteract Cdc28 phosphorylation to regulate the cell cycle.
Both have been shown to interact with Cdc6, but the nature of this association is
poorly understood.
In this thesis, I show that PP2ACdc55 and Clb2 have opposite effects on Cdc6
protein levels. I demonstrate that PP2ACdc55 dephosphorylates the Cdc6-T7 and –
T23 sites to release Clb2 from shielding the N-terminal phospho-degron. In
collaboration with Mihkel Ӧrd and Mart Loog, we demonstrate that phosphatase
Cdc14 dephosphorylates the T368-S372 degron, leading to Cdc6 stabilization in
mitosis. Therefore, PP2A-Cdc55 and Cdc14 have distinct target sites in Cdc6, which
allows Cdc6 to assemble pre-RCs on DNA in late mitosis. In collaboration with Dirk
Remus, we obtained evidence that the Cdc28 inhibitor, Sic1, releases Cdc6 from the
inhibitory complex with Clb2·Cdc28·Cks1 to allow Mcm2-7 loading on chromatin. In
order to clarify Cdc6 binding dynamics, I collaborated with Andriele Silva and
Shaneen Singh. Together, we utilized bioinformatics to generate predicted models of
Cdc6 and its binding partners.
Our results suggest that PP2A and Cdc14 sequentially dephosphorylate
distinct Cdk1 sites on Cdc6 during mitosis. Sic1 also releases Cdc6 from the
inhibitory Clb2·Cdc28·Cks1·Cdc6 complex upon mitotic exit for origin licensing.
Such a mechanism ensures faithful once-per-cell-cycle DNA replication to maintain
genomic integrity.
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Chapter 1 Introduction
1.1. S. cerevisiae as a model system
1.1.1. Yeast life cycle
Saccharomyces cerevisiae, budding yeast, is a single-celled eukaryote which
has been used as a model organism to study the cell cycle (Morgan, 2007). Yeast
cells live as a haploid or diploid that can asexually reproduce by budding. A small
bud emerges from the mother cell in S phase until the daughter cells reach the
critical size in G1 (Herskowitz, 1988) (Figure 1.1). The daughter cell is separated
from the mother during cytokinesis, which produces two identical cells (Figure 1.1).
Haploid cells are capable of mating to produce diploids (Bücking-Throm et al., 1973).
There are two mating types: type a (MATa) and alpha (MATα), which undergo
conjugation when adjacent to each other (Figure 1.2) (Strathern et al., 1981). First,
each haploid will secrete mating pheromones to facilitate the mating process, e.g.
alpha factor from MATα cells (Mackay et al., 1974) (Figure 1.2, Step 1). Then, the
two haploid cells fuse and form a diploid cell with a/α mating type (Rose et al., 1986)
(Figure 1.2, Step 2). Under nutritional starvation, the diploid cell undergoes meiosis
and produces four haploid cells, two that are MATa and two that are MATα (Figure
1.2, Step 3). A spore coat, named ascus, encases the haploid progenies in a sac for
protection until nutrients are available for cell growth (Esposito et al., 1982) (Figure
1.2, Step 3). Nutrient availability promotes germination, which results in the
breakdown of ascus and the release of four haploids competent for cell proliferation
(Esposito et al., 1982; Herman et al., 1997) (Figure 1.2, Step 4).
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Figure 1.1. The cell cycle in S. cerevisiae. There are four cell cycle phases, G1, S, G2 and M. DNA
(red) is duplicated during S-phase then equally segregated into two daughter cells in M-phase. Cell
growth occurs during the gap phases G1 and G2 phases. The cell cycle is regulated by Cdc28,
(Cyclin-Dependent Kinase) which is bound to G1 cyclins (CLN1, CLN2, CLN3), S-phase cyclins
(CLB5, CLB6), or G2/M phase cyclins (CLB1, CLB2, CLB3, CLB4).
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Figure 1.2. The homothallic life cycle in S. cerevisiae. There are four steps during the yeast
mating process. 1. When MATa and MATα haploid cells are in close proximity, they commit to mate
each other. 2. The cells secrete pheromones that aid in the mating process. 2. Cells undergo nuclear
fusion and diploid formation. 3. The diploid undergoes meiosis and yields a tetrad of haploid spores
encased in ascus under starved condition. 4. Upon favorable conditions, the spores germinate and
form haploid cells.
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1.1.2. Genetic techniques in yeast
S. cerevisiae cells can proliferate as a haploid that contains a single copy of a
chromosome. This feature allows researchers to manipulate the genome without the
complications that arise with a second gene copy. Additional advantages to
conducting genetic experiments in yeast include using linear DNA fragments to
efficiently stimulate homologous recombination (HR), a process by which the gene
sequence on a chromosome can be replaced with closely related sequences from a
chromosome or an artificial DNA plasmid (Orr-Weaver et al., 1981). Here, only a
small number of homologous nucleotides (30-50) are necessary for efficient
recombination. A simple DNA transformation allows cells to disrupt genes, integrate
and/or replace endogenous genes with mutations, and tag at defined locations in the
yeast genome (Rothstein, 1991). Furthermore, strong promoters can be placed on
the genome to overexpress specific genes, e.g. a GAL promoter (Adams, 1972; Flick
et al., 1990; Rohde et al., 2000).
The yeast deletion and epitope tag libraries are also recombination-based
tools commercially available for genetic experiments (Shoemaker et al., 1996). The
haploid deletion collection has generated over 6,000 non-essential genes that are
disrupted with a genetic marker, KanMX. Libraries with epitope tags, such as HA
and MYC, are useful for identifying and quantifying protein abundance in western
blot analysis and microscopy (Knop et al., 1999). GFP-tagged libraries are
commonly used to observe protein localization under fluorescent microscopes
(Niedenthal et al., 1996).
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1.2. Yeast cell cycle
1.2.1. Overview of the cell cycle
Cell proliferation, fundamental to the development of life in all living
organisms, requires dedicated machinery to control and execute DNA replication
and cell division. The cell cycle accomplishes these tasks through a set of events
that divide cell cycle progression into four phases: a first gap phase (G1), a DNA
synthesis phase (S phase), a second gap phase (G2), and mitosis (M) (Figure 1.1).
S phase is a period where cells faithfully replicate their DNA. During mitosis, the
replicated DNA is equally segregated into two daughter cells (Hartwell, 1974;
Morgan, 2007). The gap phases G1 and G2 separate these two events. CyclinDependent Kinases (CDKs) with their binding partners, cyclins, trigger cell cycle
progression (Jorgensen et al., 2004). Cell cycle checkpoints monitor errors and halt
cell cycle progression until conditions are favoured which protects the fidelity of
replication and mitosis (Hartwell et al., 1989; Rhind et al., 1998). The cell cycle and
checkpoint mechanisms are conserved in eukaryotes to maintain genome integrity
(Weinert, 1992).

1.2.2. Cyclin/CDK complex
CDKs associate with cyclins to confer their activities and to selectively target
substrates. The cyclin/CDK complex promotes cell cycle progression by
phosphorylating downstream substrates to alter their functions and/or activities
(Morgan, 1997). CDK is a serine/threonine kinase that phosphorylates substrates
with a minimal recognition motif S/T-P or full consensus motif S/T-P-X-K/R (Reed et
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al., 1985; Songyang et al., 1994). The interplay between cyclin expression and
destruction drives cell cycle progression by generating oscillating cyclin/CDK activity
during each cell cycle phase (Koch et al., 1996). Cdc28 is the only CDK which is
bound and activated by the nine cyclins in S. cerevisiae (Bloom et al., 2007a;
Nasmyth, 1993) (Figure 1.1). Cln1, Cln2 and Cln3 promote G1 progression
(Hadwiger et al., 1989; Levine et al., 1995). Clb1-6 are B-type cyclins, where Clb5
and Clb6 govern S-phase entry by phosphorylating replication proteins (Epstein et
al., 1992; Schwob et al., 1993). Clb1-4 facilitate mitotic entry and progression, where
degradation of Clb2 is essential for mitotic exit (Wäsch et al., 2002). The threshold
model of cyclin/CDK activity demonstrates that accumulating CDK activity triggers
key cell cycle events at different thresholds, which was largely derived from work in
fission yeast (Coudreuse et al., 2010; Stern et al., 1996).
There are three mechanisms that control the cyclin protein level: 1) cyclin
expression controlled by global transcriptional activation machinery, 2) cyclin protein
degradation mediated through ubiquitin-dependent proteolysis, and 3) cyclindependent kinase inhibitors (CKIs) such as Sic1.

1.2.3. Cyclin transcription
Transcriptional regulation of cyclins promotes cell cycle progression. G1
cyclins, Cln1-3, aid in cell cycle entry by triggering progression to an irreversible
transition point called Start, a crucial commitment point for origin firing and
subsequent replication (Cross, 1995; Levine et al., 1995). The transcription of Startspecific genes depends largely on Cln3-Cdc28 activity (Amon et al., 1993). CLN3
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transcription regulates the activity of two transcription factors: SBF (comprised of
Swi4 and Swi6) and MBF (comprised of Swi6 and Mbp1) (Wijnen et al., 2002). SBF
is repressed by Whi5 binding until Cln3-Cdc28 phosphorylates and promotes the
dissociation of Whi5 (de Bruin et al., 2004) (Figure 1.3A). The displacement of
phosphorylated Whi5 from SBF triggers the activation of Start-specific gene
transcription, including CLN1 and CLN2 (Costanzo et al., 2004), which are involved
in early cell cycle events such as budding and spindle pole body duplication
(Schneider et al., 1998). A recent report clarifies that Cln1/2-Cdc28 complexes
complete Whi5 phosphorylation with Cln3-Cdc28 (Kõivomägi et al., 2021).
Meanwhile, Cln3-Cdc28 solely phosphorylates RNA polymerase II subunit Rpb1 at
SBF-regulated genes to promote Start (Kõivomägi et al., 2021). Cln3 is the most
upstream cyclin that is transcribed in proportion to cell size (Di Talia et al., 2007; Di
Talia et al., 2009). The relationship between CLN3 expression and increasing cell
size in G1 indicates that Cln3 protein synthesis is linked to cell mass (Wijnen et al.,
2002). Cln3-Cdc28 activates MBF although the mechanism for MBF activation by
Cln3 is unknown. It has been suggested that Cln3-Cdc28 targets an intermediary
protein to activate MBF (Wijnen et al., 2002). MBF is responsible for transcription of
CLB5 and CLB6, both necessary for timely S-phase entry (Schwob et al., 1993).
Clb6-Cdc28 phosphorylates Swi6 to inactivate both SBF and MBF, which shuts off
CLN1-2 synthesis in a negative feedback loop (Figure 1.3A) (Geymonat et al., 2004;
Koch et al., 1996).
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Figure 1.3. Schematic representation of cyclin transcription regulation in S. cerevisiae. (A)
Whi5 binds and inhibits the transcription factor SBF in G1 until Cln3-Cdc28 phosphorylates Whi5. The
Whi5 phosphorylation releases SBF to express Start-specific genes such as CLN1 and CLN2 for Sphase entry. Cln3-Cdc28 also promotes activation of MBF, which triggers CLB5-6 expression. Clb6Cdc28 inhibits MBF activity to create a negative feedback loop. (B) Clb2-Cdc28-dependent Fkh2 and
Ndd1, transcriptional activators, enhances the Fkh2-Ndd1 interaction and further stimulates CLB2
transcription. The increased Clb2-Cdc28 activity creates a positive feedback loop, while it represses
SBF activity to inhibit S-phase cell cycle events.
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Mcm1 recruits the forkhead transcription factor Fkh2 and coactivator Ndd1 to
activate CLB2 expression during the G2/M phase transition (Figure 1.3B) (Darieva et
al., 2003; Maher et al., 1995). CLB2 transcriptional activation increases Clb2-Cdc28
kinase activity, resulting in Ndd1 phosphorylation that enhances the Fkh2 and Ndd1
interaction to create a positive feedback loop (Reynolds et al., 2003). Cells exert
strict temporal control over phase progression to ensure proper DNA replication.
Transcription of CLB5 and CLB6 promotes the onset of DNA replication by activating
early origins, though CLB6 is more dispensable for this function (Donaldson et al.,
1998). However, cells lacking CLB5 and CLB6 promote DNA replication due to a
functional overlap with mitotic cyclins Clb1-4 (Donaldson et al., 1998; Schwob et al.,
1993). Clb1-4 promote replication, but S phase is delayed and replication fails to
finish on time in the absence of CLB5 and CLB6 (Donaldson, 2000).
Mitotic cyclins are transcribed in late S phase for mitotic entry. CLB3 and
CLB4 expression peaks as DNA replication is completed, while CLB1 and CLB2
expression peaks at a later timepoint, during mitosis. Expression of mitotic cyclins,
specifically CLB2, inactivates SBF to inhibit CLB5 and CLB6 transcription (Koch et
al., 1996). Cyclin pairs CLB3/4 and CLB1/2 share significant functional redundancy
in order to execute early mitotic events and complete mitotic progression,
respectively (Kõivomägi et al., 2011b; Rahal et al., 2008a). For example, deletion of
CLB1 or CLB2 impairs cell growth yet these cells are viable due to CLB3 and CLB4
transcripts (Surana et al., 1991). CLB2 deletion however, impacts cells more than
single deletions of CLB1, 3 or 4 because Clb2 degradation triggers mitotic exit
(Surana et al., 1991; Wäsch et al., 2002).
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1.2.4. Cyclin docking motifs
Structural motifs provide a molecular basis for cyclin specificity and stability.
For example, protein-protein interactions require specific docking motifs. Some
motifs are linear while others conform to shapes based on their 3D structures. These
motifs include linear “patches,” 3D “boxes,” and “pockets.” The S-phase cyclin Clb5
and M-phase cyclin Clb2 contain a conserved patch of hydrophobic residues that
confer cyclin/Cdc28 specificity. This hydrophobic patch (hp) functions as a substratebinding pocket to facilitate Cdc28 substrate targeting (Figure 1.4A). The hp in Clb5
(Met-196, Leu-201, Trp-204) and Clb2 (Asn-260, Leu-264, Trp-267, Lys-270) bind to
substrates by docking at distinct short linear motifs (SLiMs) (Figure 1.4B) (Loog et
al., 2005). Cyclin/CDK substrate contains SLiMs, RxL motif (consensus sequence
R/K‐x‐L or R/K‐x‐L‐x) for Clb5-Cdc28 and a LxF motif for Clb2-Cdc28 (Örd et al.,
2019b) (Figure 1.4B). For example, the hp in Clb5 binds to the RxL motif on
replication proteins Orc6 (Wilmes et al., 2004) and Cdc6 (Örd et al., 2019b), thereby
mediating substrate phosphorylation by Clb5-Cdc28. Likewise, the hp in Clb2
mediates Clb2-Cdc28 dependent phosphorylation of mitotic substrates such as
Swe1 (Hu et al., 2008) and Cdc6, through the LxF and FQSLP motifs (Örd et al.,
2019b). A full set of versatile and selective SLiMs have now been identified for each
of the four major cyclins: LP, RxL and NLxxxL, PxF, and LxF motifs for G1‐, S‐, G2‐,
and M‐phase cyclins, respectively (Bhaduri et al., 2011; Faustova et al., 2021a;
Kõivomägi et al., 2011b; Örd et al., 2020; Örd et al., 2019b). These SLiMs exhibit
temporal control over phosphorylation-dependent protein degradation events
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Figure 1.4. Hydrophobic patches mediate Cyclin-Cdc28 substrate interactions through
docking motifs. (A) Scheme of Cyclin·Cdc28·Cks1 substrate interactions. Cyclins contain binding
pockets that permit docking at short linear motifs (SLiMs) in target substrates. Cdc28 phosphoadaptor Cks1 docks at specific Cdc28 phospho-primed threonine sites to activate N-to-C-terminal
directed phosphorylation. (B) B-type cyclins Clb5 and Clb2 utilize hydrophobic patches (hp) for
substrate interaction. The hp in Clb5 includes methionine-196 (M196), leucine-201 (L201) and
tryptophan-204 (W204) that associates with the RxL docking motif in the substrate. Clb2 includes an
hp containing asparagine-260 (N260), L264, W267, and lysine-270 (K270) which binds to the LxF
docking motif in the substrate.
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(Faustova et al., 2021a; Örd et al., 2019b).

1.2.5. E3 ubiquitin ligases: SCF and APC
Cyclin degradation depends on ubiquitin-mediated proteolysis. E3 ubiquitin
ligases tag cyclins and other proteins with a chain of ubiquitin for recognition by the
26S proteasome, a multi-subunit complex that degrades ubiquitin-tagged proteins
(Fischer et al., 1994) (Figure 1.5). The ubiquitin-proteasome system consists of a
ubiquitin-activating enzyme E1, a ubiquitin-conjugating enzyme E2, and a ubiquitin
protein ligase E3. First, the ubiquitin-activating enzyme E1 adheres to and activates
ubiquitin (Teixeira et al., 2013). Then E1 transfers the activated ubiquitin molecule to
the ubiquitin-conjugating enzyme E2 (Cardozo et al., 2004). Lastly, the E3 ligase
binds both the target substrate and the activated ubiquitin–E2 complex to complete
ubiquitylation (Cardozo et al., 2004). In yeast, Uba1 is the sole E1 enzyme that
activates E2 components (Ghaboosi et al., 2007). Among these enzymatic
components, E3 is crucial for determining substrate specificity (Teixeira et al., 2013).
The SCF complex and the APC are two E3 multi subunit ubiquitin ligases that attach
ubiquitin chains to cyclins and other proteins for degradation by the 26S proteasome
(Deshaies, 1999; Fischer et al., 1994; King et al., 1995).
The SCF complex is an E3 ubiquitin ligase which is composed of SkpCdc53/cullin-F-box proteins in yeast (Figure 1.5, left). The variable subunit, termed
F-box protein, dictates specificity by directly binding to substrates; F-box proteins
Grr1 or Cdc4 recognize phosphorylated substrates (Skowyra et al., 1997). For
example, SCFGrr1 only ubiquitylates Cln1-2 during early S-phase (Deshaies et al.,
1995) whereas SCFCdc4 only ubiquitylates Clb6 in S-phase (Jackson et al., 2006).
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Figure 1.5. Schematic representation of the Skp/cullin/F-box (SCF) and the anaphasepromoting complex (APC) complexes. The ubiquitylating activity of the SCF and the APC target
proteins for proteolysis. A sole E1 (yellow) enzyme Uba1 kickstarts the activation of Cdc34, the E2
(blue) component for the SCF complex. The scaffold subunit Cdc53 provides structural support for
the SCF complex. Within the SCF, the adaptor protein Skp1 binds the F-box protein to the complex’s
structural core. The E3 component, the F-box proteins in SCF, dictates substrate specificity.
Therefore, the F-box proteins associate with substrates for ubiquitylation. The SCF recognizes
phosphorylated degrons, phospho-degrons, on its target substrates for ubiquitylation (left). Apc2, E2
subunit of APC, is also activated by E1 enzyme. Support is provided by Apc2. The APC co-activators
Cdc20 or Cdh1 determines substrate specificity as E3 (red).

13

SCFCdc4 also targets Sic1 (CDK inhibitor) and Cdc6 (DNA replication protein) for
subsequent protein degradation (see below) (Feldman et al., 1997; Perkins et al.,
2001). The SCF discriminates substrates by recognizing phospho-degrons (Nash et
al., 2001; Skowyra et al., 1997). For example, Clb5-Cdc28 phosphorylates multiple
phospho-degrons on Sic1 that are recognized by Cdc4. Sic1 is a CDK inhibitor,
therefore Sic1 degradation increases Clb5-Cdc28 activity, which triggers DNA
replication and S-phase entry (Lengronne et al., 2002; Verma et al., 1997a). Cdc6
contains phospho-degrons at the N- and C-terminus, respectively, that are targeted
by SCFCdc4 to prevent re-licensing and DNA re-replication (Drury et al., 1997;
Elsasser et al., 1999; Nguyen et al., 2001; Perkins et al., 2001). Therefore, SCF
complexes promote ubiquitylation through phospho-degrons to promote protein
degradation and control proper cell cycle progression.
The anaphase-promoting complex/cyclosome (APC/C) is an E3 ubiquitin
ligase that marks Clb5 and Clb2 cyclins for ubiquitylation (Figure 1.5, right). APC
substrate specificity is derived from its activators, Cdc20 or Cdh1. First, APC Cdc20
targets Clb5 for degradation during metaphase to control timely S-phase entry
(Shirayama et al., 1999). Later during mitosis, APCCdh1 ubiquitylates Clb2, which is
required for cells to exit from mitosis (Wäsch et al., 2002). APCCdc20 and APCCdh1 are
differentially regulated through phosphorylation (Rudner et al., 2000). Clb-Cdc28
phosphorylates APC components Cdc16, Cdc23, and Cdc27 to activate APC Cdc20
(Rudner et al., 2000) whereas Clb-Cdc28 directly phosphorylates Cdh1 for APC
inhibition (Jaspersen et al., 1999). The phosphorylation dependent regulation of
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APCCdc20 and APCCdh1 provide a mechanism that ensures sufficient Cdc28 activity
during S phase and early mitosis (Jaspersen et al., 1999).
B-type cyclins contain a destruction box (RxALGxIxN) that is targeted for
ubiquitin-mediated degradation in mitosis (Glotzer et al., 1991). APCCdh1 targets the
Clb2 destruction box for ubiquitylation and subsequent proteolysis (Meyn Iii et al.,
2002; Shirayama et al., 1999). Clb5 contains a destruction box targeted for
degradation through APCCdc20-dependent pathway during mitosis and an APC Cdh1dependent pathway in G1 (Irniger et al., 1997; Sari et al., 2007). The difference in
Clb2 and Clb5 destruction box-dependent proteolysis is likely derived from the Ntermini structures of B-type cyclins (Meyn Iii et al., 2002).

1.2.6. CDK inhibitors Sic1 and Swe1
Sic1 is a cyclin dependent kinase inhibitor (CKI) which prevents S-phase
entry by binding and inhibiting Clb-Cdc28 complexes (Mendenhall, 1993; Schwob et
al., 1994). The inhibitory module contained in the C-terminus of Sic1 ensures ClbCdc28 suppression (Hodge et al., 1999). This function allows Sic1 to set the timing
of DNA replication. Cdc28 phosphorylates a minimum of six CDK sites in Sic1 for
ubiquitin-mediated proteolysis at G1/S (Nash et al., 2001; Verma et al., 1997a). A
Cks1-mediated Cyclin-Cdk1 docking mechanism facilitates Sic1 multisite
phosphorylation (Kõivomägi et al., 2011a). Two competing pathways regulate Sic1
within the inhibitory complex: a diversionary and a degradation pathway (Venta et
al., 2020) (Figure 1.6). In the diversionary pathway, the C-terminal segment of Sic1
stoichiometrically binds to Clb5-Cdc28 to form an inhibitory complex and suppress
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Figure 1.6. Two modes of phosphorylation dictate Sic1 stability and function. Within the
Clb5·Cdc28·Sic1 inhibitory complex are two intracomplex phosphorylation pathways: a diversionary
path and degradation pathway. In the diversionary pathway, Clb5-Cdc28 phosphorylates T173 to
direct the complex to the Sic1 C-terminus. Cks1 docking at T173 facilitates Clb5-Cdc28 inhibition by
the inhibitory module. The degradation pathway diverts the diversionary pathway when Cln-Cdc28
phosphorylates T5 at the N-terminus. Cks1 binds to T5 to trigger an N-to-C-terminal directed
phosphorylation cascade that reaches the di-phospho-degrons at T45 and T48 and at S76 and S80,
which leads to subsequent ubiquitylation by the SCF.
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Cdc28 kinase activity in late G1 (Figure 1.6, top) (Venta et al., 2020; Verma et al.,
1997a; Verma et al., 1997b). This is mediated through T173 and S191
phosphorylation, which prevents premature Sic1 degradation in G1 (Moreno-Torres
et al., 2015; Venta et al., 2020) (Figure 1.6, top). The degradation pathway is
initiated at the G1/S transition (Feldman et al., 1997; Nash et al., 2001; Verma et al.,
1997a). Cln-Cdc28 phosphorylates Sic1 to recruit the docking protein Cks1. The
initial Sic1 T5 phosphorylation triggers multiple phosphorylations and creates two
phospho-degrons at T45-T48 and S76-S80 (Figure 1.6, bottom). The phosphodegrons are targeted for SCFCdc4-dependent ubiquitylation and protein degradation
(Kõivomägi et al., 2013; Kõivomägi et al., 2011a). Sic1 degradation enables free
Clb5-Cdc28 to drive S phase. Cdc14 phosphatase dephosphorylates Sic1, leading
to Sic1 stabilization and subsequent Cdc28 inhibition during mitosis exit (Nash et al.,
2001; Visintin et al., 1998).
Swe1 is another CKI that uses inhibitory phosphorylation to suppress ClbCdc28 activity. Swe1 preferentially inhibits Clb2-Cdc28 to prevent premature
chromosome segregation before cells form a proper bud later in mitosis (Hu et al.,
2005). Swe1 phosphorylates Cdc28 at Tyr-19 for Clb2-Cdc28 inhibition. Later in
mitosis, tyrosine phosphatase Mih1 removes the inhibitory phosphorylation on
Cdc28, stimulating Clb2-Cdc28 activity (Asano et al., 2005). Clb2-Cdc28 generates
a negative feedback loop by phosphorylating Swe1, phospho-priming Swe1 for
subsequent hyperphosphorylation and ubiquitylation by the APC (Shirayama et al.,
1999; Thornton et al., 2003).
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1.3. DNA replication
1.3.1. Replication Initiation, Elongation and Termination
DNA replication is a well-coordinated process to accurately duplicate genetic
information, which takes place only once per cell cycle. The initiation process is
divided into origin licensing and origin firing. Origin licensing involves the assembly
of pre-replicative complexes (pre-RCs) onto indispensable origin sequences called
autonomously replicating sequence (ARS) during early G1 in yeast cells (Beach et
al., 1980; Diffley, 1996; Newlon, 1997). This stepwise assembly of pre-RC on DNA
includes the origin recognition complex (ORC), followed by Cdc6 and Cdt1, which
successively load hexamers of the Mcm2-7 family of helicases onto DNA for origin
licensing (Bell et al., 1992; Labib et al., 2001; Newlon, 1997; Nishitani et al., 2000;
Remus et al., 2009; Santocanale et al., 1996) (Figure 1.7A).
To fire the origin, Clb5-Clb6/Cdc28 phosphorylates Sld2 and Sld3 to recruit
Dpb11 and GINS (Go, Ichi, Nii, and San; five, one, two, and three in Japanese) to
replication origins (Masumoto et al., 2002; Tanaka et al., 2007; Zegerman et al.,
2007) (Figure 1.7B). Dpb11 associates with phosphorylated Sld2 and Sld3 to recruit
Cdc45 to Mcm2-7 helicases at replication forks and form the CMG complex (Cdc45Mcm2-7-GINS) (Dhingra et al., 2015) (Figure 1.7B). This conserved association
splits the double hexamer Mcm2-7 into two CMG helicase complexes, which is
tightly bound to chromatin and required for DNA elongation (Dhingra et al., 2015;
Moyer et al., 2006). Dpb11 recruitment depends on DNA polymerase ε, and both are
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Figure 1.7. Stepwise assembly of DNA replication proteins. Replication initiation is divided into
two distinct steps. (A) The first step is origin licensing, which involves pre-replicative complex (preRC) assembly in late M/early G1. This stepwise assembly includes concerted Mcm2-7 loading onto
DNA by Cdc6 and Cdt1. (B) After origin licensing, Cdc6 undergoes proteolytic degradation while Cdt1
is exported from the nucleus. The assembly of a pre-initiation complex (pre-IC) begins with Clb5Cdc28 phosphorylating Sld2 and Sld3, followed by Dbf4/Cdc7 phosphorylating Mcm2-7. These
phosphorylation events recruit Dpb11, Cdc45, Mcm10, GINS (CMG) complex to the replication fork at
the start of S-phase. Subsequent loading of DNA polymerase α and ε, RPA, and PCNA “fires” the
origin, completing replication initiation.
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essential for the loading of DNA polymerase α (Bell et al., 2002; Dhingra et al.,
2015). The assembly of Dpb11-Sld3-Sld7, Sld2, GINS, and the activation of loaded
helicases are controlled by kinases Dbf4-dependent kinase (DDK) and Clb5/Clb6Cdc28 (Pasero et al., 1999; Tanaka et al., 2007). Cdc7-Dbf4, also called DDK,
phosphorylates Mcm2-7 and drives recruitment of Cdc45 to MCM whereas
Clb5/Clb6-Cdc28 promotes recruitment of the GINS complex to origins (Labib, 2010;
Walter et al., 2000) (Figure 1.7B). Mcm10 activates the CMG complex to unwind
origin DNA and triggers origin firing at replication forks (Homesley et al., 2000;
Merchant et al., 1997).
Elongation at replication forks requires Cdc45 and DNA polymerases α and ε.
Cdc45 recruits replication protein A (RPA) to prevent re-annealing of unwound DNA
strands (Perkins et al., 1998; Wold, 1997), DNA polymerase α and proliferating cell
nuclear antigen (PCNA) permit the progression of DNA synthesis (Mimura et al.,
2000). Following DNA polymerase α, DNA polymerase ε and polymerase δ
synthesize leading and lagging strand synthesis, respectively (Miyabe et al., 2011;
Pursell et al., 2007). The termination process begins once polymerases successfully
copy the DNA strands. SCFDia2 first ubiquitylates the CMG complex, then protein
Cdc48 directs the ubiquitylated complex for disassembly (Maric et al., 2014).
Helicases Pif1 and Rrm3 promote replication fork converging and termination of
DNA replication (Deegan et al., 2019).
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1.3.2. CDK-dependent Pre-RC disassembly
Orc1-6 is bound to origin DNA throughout the cell cycle in yeast (Nguyen et
al., 2001). Cdc6 and Cdt1 sequentially bind to Orc1-6 to load Mcm2-7 helicase onto
DNA for origin licensing (Diffley et al., 1994; Donovan et al., 1997; Weinreich et al.,
1999; R. Wu et al., 2012) . The well-conserved pre-RC components undergo tight
regulation to ensure replication is limited to once per cell cycle. At the onset of origin
firing, Cdc28-dependent phosphorylation of pre-RC components prevent DNA
replication until next round of cell cycle through three known processes: MCM
translocation from the nucleus to the cytoplasm (Nguyen et al., 2000), inactivation of
Orc1-6 (Makise et al., 2009; Nguyen et al., 2001), and Cdc6 phospho-dependent
degradation (Elsasser et al., 1999). These overlapped mechanisms of pre-RC
disassembly ensure that DNA replication takes place only once per cell cycle.

1.4. Cdc6
1.4.1. Cdc6 Function and Regulation
Cdc6 belongs to the superfamily of proteins called ATPases Associated with
diverse cellular Activities (AAA+) (Neuwald et al., 1999). Such proteins utilize ATP to
execute numerous cellular functions and are integral to origin licensing and firing
(Bell et al., 1992; Frigola et al., 2013; Neuwald et al., 1999; Speck et al., 2005).
Cdc6 uses ATP hydrolysis to disengage from DNA after helicase loading (Chang et
al., 2015; Speck et al., 2005; Speck et al., 2007; Weinreich et al., 1999). As a
fundamental component for origin licensing, Cdc6 has shown similarities with
prokaryotic and eukaryotic clamp-loaders subunits, all of which belong to a
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conserved superfamily of nucleotide-dependent loading factors (Perkins et al.,
1998).
Cdc6 function is regulated by transcription, protein stability and localization. In
yeast, a promoter element known as early cell cycle box was identified in the
promoter of CDC6 (Chen et al., 1992; Dalton et al., 1995; McInerny et al., 1997).
This promoter element mediates CDC6 transcription in mitosis, contributing to
mitotic progression (Lydall et al., 1991; McInerny et al., 1997).
Cdc6 protein level is tightly regulated to ensure DNA duplication occurs only
once per cell cycle. Three distinct Cdc6 degradation modes control Cdc6 protein
stability in the cell cycle (Drury et al., 2000). Mode 1 occurs before the start of DNA
replication and is independent of Cdc28-dependent phosphorylation and SCF Cdc4
(Drury et al., 2000). It has been suggested that Mode 1 is linked to the E3 ubiquitin
ligase Tom1 and the SCF component Dia2 that direct Cdc6 to proteolytic
degradation in G1 (Kim et al., 2012). Modes 2 and 3 occur during S phase and
mitosis, respectively (Drury et al., 2000). These modes depend on Cdc28
phosphorylation and subsequent SCFCdc4 dependent ubiquitylation (Drury et al.,
2000; Perkins et al., 2001).
Cdc6 protein function and stability is primarily controlled by Cdc28 (Drury et
al., 2000; Piatti et al., 1995). There are eight putative CDK consensus sites which
contain TP or SP in Cdc6, and six are known to be targeted by CDK in vivo (Figure
1.8). Cdc6 interacts with cyclins through RxL binding motif at
30KKL32 (RxL2)

14RNL16

(RxL1) and

(Figure 1.8). In S phase, Clb5-Cdc28 binds to the RxL2 motif to

mediate phosphorylation at T7 (Örd et al., 2019a) (Figure 1.9). Cdc28 phospho-
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Figure 1.8. Schematic of Cdc6 protein motifs. There are eight CDK consensus sites that contain
S/TP in Cdc6: T7, T23, T39, S43, T135, S354, T368 and S372. T7 is a Cks1 docking site. The two
phospho-degrons T39-S43 and T368-S372 (pink) are recognized by the SCF complex. The Walker A
motif, K114, is essential for DNA binding while the Walker B motif, D223 and E224, catalyzes ATP
hydrolysis for disengaging from DNA. The sensor regions, N263 and R332, are also crucial for ATP
hydrolysis. The short linear motifs, RxL, LxF are docking sites for cyclins. Clb5-Cdk1 docks at RxL2
motif. FQSLP is an enhancer region for the Cdc6·Clb2·Cdc28·Cks1 binding complex.
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Figure 1.9. N-to-C terminal directed phosphorylation of Cdc6 in S phase. Multisite
phosphorylation of Cdc6 starts after Clb5-Cdc28 targets threonine-7 (T7). Clb5 binds to RxL to
facilitate this phosphorylation event. Cks1 docks at phosphorylated T7 at the Cdc6 N-terminus to
promote sequential Clb5-Cdc28 phosphorylation of Cdc6 at Cdc28 consensus sites.
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adaptor Cks1 binds to phospho-T7, which triggers Cdc6 multi-phosphorylation and
creates two phospho-degrons at CDK phosphorylation sites
368TPTTSPVK373

39TPESSPEK46

and

(Örd et al., 2019b; Perkins et al., 2001; Verma et al., 1997a)

(Figure 1.9). Each phospho-degron contains conserved CDK sites (TP) at the first
threonine position, 39 and 368. The second CDK serine phosphorylation site (SP)
matches with the conserved CDK consensus site SPxK, where lysine is located at
the fourth position. Each phospho-degron is recognized by SCF Cdc4 for ubiquitylation
and subsequent protein degradation by the proteasome (Figure 1.10). The Cterminal phospho-degron is also regulated by Mck1-dependent phosphorylation (AlZain et al., 2015). Mck1 is a yeast homologue of GSK3 kinase. Clb2-Cdc28
phosphorylates S372 for priming (Al-Zain et al., 2015), which allows Mck1 to target
T368, which creates a phospho-degron for SCFCdc4 recognition and ubiquitylation
(Al-Zain et al., 2015; Ikui et al., 2012). Plasma membrane perturbation, induced by
laser damage, triggers Mck1-dependent Cdc6 destruction (Kono et al., 2016). Such
a mechanism plays a prominent role in DNA damage. It has been shown that Clb2
physically and tightly binds to Cdc6 N-terminus although Clb2-CDK does not
phosphorylate Cdc6 N-terminus. This observation indicates that Clb2 has an
additional role in Cdc6 regulation which is independent from its primary role as a
cyclin. Clb2·Cdc28·Cks1 binds to the phosphorylated Cdc6 N-terminus through the
47LQF49

motif; the Cdc6-Clb2 interaction is enhanced by the

126FQSLP130

motif

located in the mid-region of Cdc6 (Mimura et al., 2004; Örd et al., 2019b) (Figure
1.10). The Clb2·Cdc28·Cks1-Cdc6 binding complex prevents Cdc6 from licensing
the origin in mitosis (Mimura et al., 2004), and potentially shields the N-terminal
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Figure 1.10. Cdc6 is regulated throughout the cell cycle. During G1, stabilized Cdc6 binds to DNA
for pre-RC assembly. In S phase, Clb5-Cdc28 phospho-primes Cdc6 at T7 for Cks1 docking, driving
N-to-C terminal phosphorylation of phospho-degrons T39, S43, T368, S372, which is consequently
recognized and targeted for proteolytic degradation by the SCF complex in S phase. Multisite
phosphorylation of the Cdc6 N-terminus in S phase is discussed in Figure 1.9. During mitosis, Cdc6 is
released from DNA and tightly associated with Clb2·Cdc28·Cks1, which is T7 phosphorylation
dependent. The Cdc6·Clb2·Cdc28·Cks1 binding prevents Cdc6 from targeting by the SCF complex,
keeping Cdc6 stable throughout mitosis.

26

phospho-degron T39-S43, which leads to Cdc6 stabilization (Örd et al., 2019b)
(Figure 1.10).
1.4.2. A role for Cdc6 in mitotic exit
Mitotic exit requires complete suppression of Clb-Cdc28 activity to reset cells
for G1 entry. Three mechanisms inhibit Clb-Cdc28 activity in late mitosis: 1) Clb2
degradation by APCCdh1 2) Cdc28 inhibition by Sic1, and 3) Clb2-Cdc28 inhibition by
Cdc6.
Previous studies suggested that Cdc6 acts as a CDK inhibitor together with
Sic1 and Cdh1. Overexpression of Cdc6 inhibits Clb2-Cdc28 kinase activity
(Calzada et al., 2001). The Clb2-Cdc28 inhibition was sustained in the absence of
Sic1 or Cdh1 (Calzada et al., 2001). Overexpression of Cdc6 N-terminal truncated
mutant (cdc6Δ47) failed to inhibit Clb2-Cdk1 activity, indicating that the Cdc6 Nterminus is responsible for inhibition (Calzada et al., 2001). The cdc6Δ47 mutant
causes mitotic delay, which is linked to highly stabilized Cdc6 (Calzada et al., 2001).
A combination of sic1 and cdc6Δ47 mutations cause defects in mitotic exit and
exhibit extended mitotic spindles (Calzada et al., 2001). Furthermore, a Δsic1 Δcdh1
cdc6Δ2-49 triple mutant causes cytokinesis defects (Archambault et al., 2003).
Altogether, these data suggest that Cdc6, Sic1, and APC Cdh1 cooperate to inhibit
Clb2-Cdc28 activity for G1 entry (Archambault et al., 2003). Finally, it was further
supported that Clb2-Cdc28 activity is inhibited by Cdc6 in vitro (Örd et al., 2019b).
Cdc28 inhibition by Cdc6 was specific to the Clb2-Cdc28 complex, but not to
the Cln3-Cdc28 or Clb5-Cdc28 complexes (Örd et al., 2019b). In vitro kinase assays
demonstrate that Cln3-Cdc28 and Clb5-Cdc28 efficiently phosphorylated Cdc6
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whereas Clb2-Cdc28 did not (Örd et al., 2019b). Clb2-hpm, a Clb2 hydrophobic
patch binding mutant, phosphorylates Cdc6, which supports the notion that Clb2Cdc6 binding reduces Clb2-Cdc28 activity and inhibits Cdc6 phosphorylation (Örd et
al., 2019b). Additionally, overexpression of Cdc6 phosphorylation mutants Cdc6T7A-T23A-S43A-T370A-T371A-S372A and Cdc6-T370A-T371A-S372A trigger
mitotic delay, which is reversed by deleting CDC55, a regulatory subunit for protein
phosphatase 2A (PP2A) (Boronat et al., 2007). The result implies that PP2A Cdc55
may play a role in mitotic exit through Cdc6. However, it is not clear how PP2A Cdc55
controls Cdc6.

1.4.3. Cdc6 protein structure analysis
Cdc6 structure has been primarily examined in the context of the pre-RC.
Cryo-EM analysis of the pre-RC depict Cdc6 in a curved, crescent form that wraps
around the DNA (Sun et al., 2013) (Figure 1.11). As part of the superfamily of AAA+
of proteins, Cdc6 contains a conserved Walker A (K114) motif to recruit inactive
Mcm2-7 and bind to DNA (B. Wang et al., 1999; Weinreich et al., 1999) (Figure 1.8).
The conserved Walker B motif (D223 and E224) functions to disengage Cdc6 from
DNA after helicase loading through ATP hydrolysis (Chang et al., 2015; Neuwald et
al., 1999; Speck et al., 2005; Sun et al., 2012; Takahashi et al., 2002; Weinreich et
al., 1999). The sensor regions within the middle of Cdc6, N263 in sensor 1 and R332
in sensor 2 also promote the formation of the ORC-Cdc6 complex with ATP
hydrolysis (Takahashi et al., 2002), which leads to the recruitment of Cdt1 and
inactive helicase on DNA (Figure 1.8) (Evrin et al., 2009; Evrin et al., 2013).
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Figure 1.11. Cdc6 binds to Orc1 to form a ring around DNA in pre-RC formation. Cdc6-ORC is
depicted in AAA+ architecture, demonstrating ATP-binding to Cdc6 and ORC. The Walker A motif
(green) and Walker B motif (orange) hydrolyze ATP. The winged-helix domain (grey) helps recruit
MCM to the Cdc6-ORC complex (Yuan et al., 2017).
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Additionally, a conserved winged-helix domain located at the Cdc6 C-terminus end
plays a role in recruiting MCM and regulating DNA binding (Takahashi et al., 2002;
Yuan et al., 2017). Following Cdt1 release, the formation of the Cdc6·ORC·MCM
complex transforms MCM from a single hexamer to a double hexamer (Evrin et al.,
2014; Takara et al., 2011).
1.5. Mitosis
1.5.1. FEAR network
The release of phosphatase Cdc14 from the nucleolus is a major step during
mitotic exit in budding yeast. Cdc14 is an essential serine/threonine phosphatase
that dephosphorylates Clb-Cdc28 substrates including Sic1 and its transcriptional
activator Swi5 and Cdh1 (Jaspersen et al., 1999; Visintin et al., 1998).
Unphosphorylated Sic1 and Cdh1 both inhibit Clb2, which primes cells for re-entry
into G1 (Schwab et al., 1997; Schwob et al., 1994). Cdc14 activity depends on its
localization and its inhibitor Net1 (Azzam et al., 2004; Yoshida et al., 2002). From G1
to metaphase, Cdc14 remains inactive through Net1 binding in the nucleolus
(Visintin et al., 1999). In early anaphase, Clb-Cdc28 phosphorylates Net1 to
temporarily release Cdc14 from the nucleolus and eventually from the nucleus
(Azzam et al., 2004). There are two distinct pathways to disrupt Net1-Cdc14 binding
and activate Cdc14: the Cdc Fourteen early anaphase release (FEAR) pathway and
the Mitotic Exit Network (MEN) pathway (Figure 1.12).
FEAR-dependent Cdc14 release from nucleolus depends on the destruction
of Pds1, the anaphase inhibitor also known as securin (Yamamoto et al., 1996).
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Figure 1.12. The FEAR network and MEN regulate Cdc14 release from the nucleolus. Net1
anchors Cdc14 in the nucleolus to suppress Cdc14 activity throughout G1, S-phase, and metaphase.
FEAR-dependent release of Cdc14 (left) depends on APCCdc20 activity, which promotes destruction of
the anaphase inhibitor Pds1 (securin). Pds1 inhibits the onset of anaphase by cleaving securin
(Esp1), the subunit of cohesin that secures sister chromatids in anaphase. Spo12 promotes activation
of Separase/Slk19 complex, in turn activating Zds1/Zds2, which prevents PP2A Cdc55 from
downregulating Cdc14 release in early anaphase. The joint kinase activities of Cdc5, Clb1-Cdc28,
and Clb2-Cdc28 with the FEAR network initiate a transient release of Cdc14. In late anaphase, Tem1
activates MEN by stimulating Cdc15, which drives association of functionally redundant Dbf2/Dbf20
with kinase Mob1. Cdc14 phosphorylation by Mob1 releases and sustains Cdc14 activity for mitotic
exit.
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Pds1 is an inhibitor of Esp1 (separase) which cleaves Scc1, a subunit of the cohesin
complex that holds sister chromatids together in metaphase (Ciosk et al., 1998). The
APC promotes Pds1 degradation to trigger the onset of anaphase (Uhlmann et al.,
1999). Protein Spo12 associates with Esp1 and Slk19 to activate Zds1/Zds2, both
which anchor PP2ACdc55 in the cytoplasm (see next section for more information)
(Tomson et al., 2009; Toyn et al., 1993). PP2ACdc55 reverses Cdc28-dependent Net1
phosphorylation and keeps Cdc14 trapped in the nucleolus (Azzam et al., 2004;
Queralt et al., 2006). Esp1-dependent PP2ACdc55 inhibition keeps Net1
phosphorylated, which results in a transient Cdc14 release (Queralt et al., 2006).
Clb1-Cdc28 and Clb2-Cdc28 phosphorylate Net1 along with the polo-like kinase
Cdc5, which acts in the FEAR and MEN pathways (Hu et al., 2001; Rahal et al.,
2008b; Yoshida et al., 2002). Cdc14 release triggers a negative feedback loop with
Clb1-Cdc28 and Clb2-Cdc28, allowing Cdc14 to contribute to sequestered ClbCdc28 activity as cells approach the end of mitosis (Manzoni et al., 2010).

1.5.2. Mitotic Exit Network (MEN)
The essential MEN pathway is a conserved signalling cascade that promotes
exit from mitosis and faithful execution of anaphase. First, the GTPase Tem1
activates Cdc15, which targets the functionally redundant kinases Dbf2 and Dbf20
(Jaspersen et al., 1998; Toyn et al., 1994). Dbf2, and to a lesser extent Dbf20,
cooperate with the essential protein Mob1 to phosphorylate the Cdc14 nuclear
localization sequence. This phosphorylation event drives full Cdc14 release from the
nucleolus, and sustains free Cdc14 (Lee et al., 2001; Toyn et al., 1991; Toyn et al.,
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1994) (Figure 1.12). Once released, Cdc14 localizes to cytoplasm and
dephosphorylates Cdh1, Sic1, and Swi5 (Jaspersen et al., 1999; Visintin et al.,
1998). Cdc14 preferentially targets phospho-serines over phospho-threonines
(Bremmer et al., 2012). A PxL substrate docking motif contributes to Cdc14
substrate specificity (Kataria et al., 2018). The selectivity of Cdc14 directs a
dephosphorylation order that influences overall protein phosphorylation in mitosis
(Touati et al., 2019).

1.6. PP2ACdc55
1.6.1. PP2ACdc55 Function
PP2A belongs to a family of serine/threonine phosphatases with a wellconserved role in mitotic exit (Cundell et al., 2016; Mochida et al., 2009; Nilsson,
2018). Budding yeast PP2A is a heterotrimeric complex composed of a scaffold A
subunit (Tpd3), a regulatory B subunit (Rts1 or Cdc55 or Rts3), and two largely
interchangeable catalytic C subunits (Pph21 and Pph22) (Shi, 2009) (Figure 1.13).
Among these subunits, the B subunit primarily dictates cellular localization and
PP2A substrate specificity (Rossio et al., 2011) (Figure 1.13). PP2A complexes with
B regulatory subunits Rts1 or Cdc55 to participate in mitotic events and G1 events,
respectively (Artiles et al., 2009; Y. Wang et al., 1997). PP2ARts1 acts in G1-specific
pathways that regulate nutrient availability, cell size, and cell cycle entry (Artiles et
al., 2009; Zapata et al., 2014). Additionally, PP2ARts1 functions in mitosis to promote
chromosome bi-orientation (Peplowska et al., 2014) and cytokinesis (Dobbelaere et
al., 2003). PP2ACdc55 functions most prominently in mitotic entry, mitotic progression,
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Figure 1.13. Schematic of PP2A. PP2A comprises of Tpd3 (A), the scaffold subunit, Cdc55 or Rts1
(B), the regulatory subunit, and Pph21 and Pph22 (C), the catalytic subunit. Each regulatory subunit
provides specificity to PP2A.
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and mitotic exit. To drive mitotic entry, PP2ACdc55 dephosphorylates and inhibits the
Clb2-Cdc28 inhibitor Swe1 (Yang et al., 2000). PP2ACdc55 is a regulator of the
spindle assembly checkpoint (SAC), a network that prevents the onset of anaphase
until chromosomes are properly aligned on the mitotic spindle (Rossio et al., 2013).
Spindle damage triggers PP2ACdc55 to dephosphorylate APCCdc20, halting mitotic
progression (Rossio et al., 2013). PP2ACdc55 also dephosphorylates Pds1 to
potentially disrupt the Pds1-Esp1 interaction and thereby halt spindle elongation
(Ciosk et al., 1998; Khondker et al., 2020). A PP2ACdc55 localization mutant that
excludes Cdc55 from the nucleus, cdc55-101 (Sasaki et al., 2000), maintains
cohesive spindles and confirm a role for nuclear PP2A Cdc55 in promoting spindle
segregation (Khondker et al., 2020). Pds1 is also a target of replication stress
pathways, implicating PP2ACdc55 in replication stress response (Khondker et al.,
2020). Cells lacking Cdc55 are sensitive to hydroxyurea, a DNA synthesis inhibitor
(Koç et al., 2004; Y. Wang et al., 1997). These cells have reduced viability that is
dependent on PP2ACdc55 dephosphorylation of Swe1 (Haluska et al., 2021). Recent
evidence demonstrates genetic interactions between PP2A Cdc55, kinase Chk1, Swe1,
and Pds1 in DNA replication stress recovery (Haluska et al., 2021).
Quantitative mass spectrometry approaches have identified numerous
PP2ACdc55 substrates involved in diverse functions (Baro et al., 2018; Godfrey et al.,
2017). These functions range from actin-cytoskeleton organization, cytokinesis, and
endocytosis regulation (Baro et al., 2018). Proteins associated with osmotic stress
and nutrient response were also identified in this study (Baro et al., 2018). Previous
work implicate the link between PP2A Cdc55 and rapamycin complex 1 (TORC1)
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signalling pathway, which couples PP2ACdc55 with nutrient, energy, and hormonal
signals at the G1-S transition (Hartwell et al., 1974; Moreno-Torres et al., 2015).
Other PP2ACdc55 substrates contribute to cell cycle progression. PP2A Cdc55
upregulates Cln2 protein levels in G1 (McCourt et al., 2013), and dephosphorylates
Sic1 at T173 to potentially promote Sic1 degradation in G1 (Moreno-Torres et al.,
2015). Additionally, PP2A is a regulator of transcription factor MBF and thereby,
supports the idea of PP2ACdc55 nuclear activity in G1 (Minshull et al., 1996a). In S
phase, PP2ACdc55 may regulate S-phase initiator Sld3 in Xenopus egg extracts
(Chou et al., 2002). Godfrey et al. proposed a model that PP2ACdc55 preferentially
targets phospho-threonines over phospho-serines, in contrast to Cdc14 (Bremmer et
al., 2012; Godfrey et al., 2017). Cdc28 tends to phosphorylates TP sites at later
stages of the cell cycle in contrast to SP sites, indicating that PP2A Cdc55 may have
phosphatase activity in G2/mitosis (Godfrey et al., 2017). Altogether, previous
published work emphasizes a role for PP2A Cdc55 in interphase and more prominently
in G2/mitosis during the cell cycle. However, it is not clear how PP2A Cdc55
phosphatase activity is oscillated and controlled during cell cycle.

1.6.2. PP2A Cooperation with Cdc14 in mitotic exit
PP2ACdc55 confines Cdc14 to the nucleolus by dephosphorylating Net1 during
metaphase (Queralt et al., 2006) (Figure 1.12). Separase cooperates with
Zds1/Zds2 to downregulate PP2ACdc55 in the nucleus, permitting Cdc28-dependent
phosphorylation of Net1 at anaphase onset and Cdc14 release (Calabria et al.,
2012; Queralt et al., 2008). Redundantly, PP2ACdc55, PP2ARts1, and Cdc14
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participate together in driving mitotic exit progression (Touati et al., 2019). These
phosphatases have overlapping substrate specificities with kinase Cbk1, kinetochore
protein Ask1, and pre-RC component Orc6 (Touati et al., 2019). Absence of any of
these phosphatases delayed and reduced overall protein dephosphorylation during
mitotic exit. However, absence of Cdc14 delayed the timing of PP2ACdc55-specific
dephosphorylation events in mitosis, reinforcing the functional redundancy of Cdc14
and PP2ACdc55 (Touati et al., 2019).

1.7. Thesis Objective
It is understudied how DNA replication is regulated by phosphatases. The
object of this study is to elucidate the mechanisms in which PP2A, Cdc14 and Sic1
trigger origin licensing through interactions with Cdc6. There are three aims for this
project: Aim 1) Determine how PP2A Cdc55 and Cdc14 regulate Cdc6 phosphorylation
and protein stability, Aim 2) Examine how Cdc6-Clb2 binding is established through
an action of phosphatase in mitosis, and Aim 3) Define Cdc6-Clb2 and PP2A Cdc55Cdc6 binding model using in-silico structure analysis. In Chapter 1, I outlined an
introduction for these aims. Chapter 2 shows results in Aim 2 and Aim 3. We
obtained results that PP2ACdc55 and Cdc14 sequentially dephosphorylate Cdc6 at
distinct sites, leading to Clb2 release and Cdc6 stabilization, respectively. Sic1 also
releases Clb2 from Cdc6 to license origins. In Chapter 3, we analyzed Cdc6-Clb2
structure in Aim 3 using Cdc6-Cdc4 as a reference. We also depict the Cdc55
subunit structure to demonstrate PP2A Cdc55 dephosphorylation potential. Our in silico
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analysis emphasizes Cdc6 SLiMs and key residues located in intrinsically disordered
regions.
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Chapter 2 Regulation of Cdc6 by PP2A, Cdc14, and Sic1
Chapter 2.1: Introduction
Mitotic exit is triggered by rapid Clb2-Cdc28 inhibition, which is achieved by
four mechanisms: 1) CDK inhibitor such as Sic1 stabilization through its
dephosphorylation (Visintin et al., 1998), 2) APCCdh1-mediated Clb2 degradation
(Visintin et al., 1998), 3) Cdc6-dependent Clb2-CDK inhibition (Örd et al., 2019b), 4)
Phosphatases, PP2A and Cdc14 that reverse inhibitory phosphorylations by Clb2Cdc28 (Minshull et al., 1996b) (Godfrey et al., 2017; Visintin et al., 1998). These
mechanisms overlap in mitosis. For example, Cdc14 dephosphorylates Sic1,
promoting its stabilization and thereby inhibiting Clb-Cdc28 activity (Visintin et al.,
1998) (Lengronne et al., 2002). Sic1 has also been shown to cooperate with Cdh1
and Cdc6 for Cdc28 inhibition (Calzada et al., 2001). Cdc14 also targets Cdh1 to
activate APC (Bloom et al., 2007a; Visintin et al., 1998). PP2ACdc55 has various
substrates during mitosis, although the role of PP2A Cdc55 in DNA replication is not
clear. We aim to understand how phosphatases regulate DNA replication on origin
licensing through Cdc6. In this section, we study if PP2A Cdc55 and Cdc14 target and
regulate Cdc6 protein stability. In our study, we elucidated a mechanism that
showed that PP2ACdc55 and Cdc14 dephosphorylate Cdc6 at distinct sites to
accomplish two independent functions. Finally, we identified a role of Sic1 for origin
licensing during mitotic exit.
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2.2. Results
2.2.1. Effects of Clb2 and PP2ACdc55 on Cdc6 protein stability
Mitotic cyclin Clb2 is tightly bound to Cdc6 during mitosis, which promotes
Cdc6 stabilization (Örd et al., 2019b), and inhibition of origin licensing (Mimura et al.,
2004). It has been proposed that Clb2 binding to Cdc6 shields the Cdc6 N-terminal
phospho-degron, preventing protein degradation (Örd et al., 2019b). PP2ACdc55 may
target Cdc6 based on the previous reports that Cdc6 and Cdc55 physically interact
(Boronat et al., 2007). We analysed Cdc6 protein level in Δclb2 and Δcdc55 cells by
western blot analysis. In log-phase, Cdc6 was slightly suppressed in Δclb2
compared to wild type cells, as expected (Figure 2.1A). Next, Cdc6 protein level was
analysed in G1 phase or mitosis by alpha-factor or nocodazole, respectively. There
was no significant difference in Cdc6 level during G1 phase in Δclb2 and Δcdc55
compared to wild type (Figure 2.1A). During mitosis, we observed significantly less
Cdc6 in Δclb2 cells compared to wild type (Figure 2.1A). In mitosis, Cdc6 was more
stabilized in Δcdc55 cells compared to wild type (Figure 2.1A). To test if Cdc6
protein level is regulated by another B-type cyclin, we also analysed Cdc6 level in
Δclb5. The Cdc6 protein level was unchanged in Δclb5 cells (Figure 2.1B and 2.1C),
which emphasizes Clb2 specificity for Cdc6. Rts1 is another regulatory subunit of
PP2A (Figure 1.13); Δrts1 did not impact Cdc6 levels, as expected (Figure 2.1B).
Three biological repeats support our findings that Cdc55 and Clb2 affect Cdc6
protein level in a contradictory manner (Figure 2.1C). We also examined the Clb2
protein level, which peak in mitotic cells and confirm that cells were properly arrested
in metaphase (Figure 2.1A). Less Clb2 was observed in Δcdc55 cells, supporting
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Figure 2.1. Clb2 and Cdc55 have opposing effects on Cdc6 protein level. (A) Wild-type cells
(CDC6-9MYC), Δclb2 (Δclb2 CDC6-9MYC) or Δcdc55 cells (Δcdc55 CDC6-9MYC) were grown to log
phase in YPD and synchronized in G1 or G2/mitosis with α-factor or nocodazole, respectively. Protein
was extracted and analyzed by western blot analysis using anti-MYC antibody to detect Cdc6 protein
level. (B) Δclb5 (Δclb5 CDC6-9MYC) or Δrts1 cells (Δrts1 CDC6-9MYC) were grown to log phase in
YPD or were synchronized G2/mitosis with nocodazole. Protein was extracted and analyzed as
described above. (C) Cdc6 bands were quantified relative to WT cells. Error bars show ± SEM based
on three independent experiments (n=3; log phase Δclb2 ****p<0.0001, Δcdc55 ***p=0.0006, Mitosis
Δclb2 **p=0.0075, Δcdc55 *p=0.0351 was calculated by unpaired Student t-test).
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results from a previous study (Yellman et al., 2006) (see Discussion). From our
experiment, we conclude that PP2ACdc55 inhibits the Cdc6 protein level during
mitosis whereas Clb2 promotes Cdc6 accumulation.
Next, we analysed Cdc6 protein levels in Δclb2 cells and cdc55-101 cells
during the cell cycle by α-factor block and release experiments. The Δcdc55 deletion
mutant has demonstrated severe growth defects, which prevents us from performing
block and release experiments (Healy et al., 1991). Therefore, we used the cdc55101 mutant which excludes PP2ACdc55 from the nucleus (Sasaki et al., 2000). In wild
type cells, the Cdc6 protein level remains suppressed from G1 to S phase until
mitosis 60 minutes after release as previously reported (Drury et al., 1997) (Figure
2.2A and 2.2B). Cdc6 expression was first observed when cells progressed into
mitosis, peaking 80 minutes after release, followed by degradation between 100-120
minutes as cells re-enter G1 (Figure 2.2A). In Δclb2 cells, the Cdc6 protein level was
suppressed during mitosis compared to wild type (Figure 2.2A and 2.2B). In cdc55101 cells, Cdc6 was more stabilized in mitosis, leading to its accumulation between
60-100 minutes (Figure 2.2A). Flow cytometry analysis showed no significant
difference in the cell cycle profile between wild type and Δclb2 cells (Figure 2.2C). In
cdc55-101 cells, we observed a 20-minute S-phase delay, indicating that PP2A Cdc55
may positively regulate DNA replication (Figure 2.2C). We conclude that Cdc6
stability in cdc55-101 cells and Cdc6 suppression in Δclb2 cells during mitosis are
not due to cell cycle profile changes.
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Figure 2.2. Varying Cdc6 protein level in Δclb2 cells and Δcdc55 cells during cell cycle. (A)
Wild-type cells (CDC6-9MYC), Δclb2 ((Δclb2 CDC6-9MYC) and Δcdc55 (Δcdc55 CDC6-9MYC) cells
were synchronized in G1 with alpha factor treatment for 2 hours, then were released into fresh YPD
medium. α-factor was added back into cultures at 50 mins after release. Samples were collected at
the time indicated and subjected to western blot analysis. Cdc6-MYC protein levels were detected
using anti-MYC antibody. (B) The relative Cdc6 band intensity to time zero from C is shown. (C) The
same samples were subjected to FACS analysis to analyze cell cycle progression.
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2.2.2. PP2ACdc55 regulates global Cdc6 protein levels
Cdc6 nuclear localization may play an important role in replication control.
Our previous results did not clarify whether PP2A Cdc55 could regulate total Cdc6
protein levels or merely a cellular fraction. We examined cytoplasmic and nuclear
Cdc6 abundance in Δcdc55 cells and compared protein levels to wild type during
mitosis. Spheroblasts were generated after digesting cell pellets with zymolyase, by
which a total, cytoplasmic, and nuclear fraction of Cdc6 was sequentially collected
(Figure 2.3). Cdc6 was present in both the cytoplasm and nucleus at the same ratio
in wild type (Figure 2.3, Lanes 3-6). Deletion of CDC55 did not alter the Cdc6 protein
distribution pattern in cytoplasm and nucleus, which supports the idea that
PP2ACdc55 regulates total Cdc6 protein levels regardless of Cdc55 localization in the
cell (Figure 2.3).

2.2.3. PP2ACdc55 does not impact the timing of Cdc6 expression
We next tested if PP2ACdc55 regulates Cdc6 localization by a time-lapse
microscopy experiment using Cdc6-Citrine. Whi5 is a Start transcriptional repressor
imported into the nucleus in G1/mitosis and exported in late G1 (Doncic et al., 2011),
which was used as a cell cycle marker. Cdc6 accumulated minutes after Whi5
nuclear import and peaked after 10 minutes in wild type cells, which was in sync with
mitotic Cdc6 accumulation (Drury et al., 1997) (Figure 2.4A). Cdc6 localization
increased in Δcdc55 and cdc55-101 mutants 10 minutes before Whi5 import, and
also peaked 10 minutes after import. The timing of Cdc6 degradation remained
unchanged, as Cdc6-Citrine levels dropped around 15 minutes after import in all
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Figure 2.3. Cytoplasmic and nuclear Cdc6 protein level is stabilized in Δcdc55 cells. Wild-type
cells (CDC6-9MYC and Δcdc55 (Δcdc55 CDC6-9MYC) were arrested in mitosis with nocodazole.
Samples were treated with zymolyase to lyse cell walls, followed by collection of total protein,
cytoplasmic fraction, and nuclear fraction. Cdc6-MYC protein levels were detected using anti-MYC
antibody. Loading amounts were analyzed by Ponceau S staining.
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Figure 2.4. Timing of Cdc6 expression does not change in CDC55 mutants. (A) CDC6-Citrine
WHI5-mCherry cells were imaged by time-lapse microscopy. Time zero was set when Whi5-mCherry
is imported to the nucleus. The solid circle marks Whi5 nuclear entry in late mitosis. (B) CDC6-Citrine
(WT), CDC6-Citrine cdc55-101 (cdc55-101) or CDC6-Citrine Δcdc55 (Δcdc55) with Whi5-mCherry
were imaged by time-lapse microscopy. Shown is the average Cdc6-Citrine fluorescence intensities
of 100 cells per time point. Error bars are SEM (n=100). (C) CDC6-GFP (WT) or CDC6-GFP cdc55101 (cdc55-101) cells were grown to log phase and imaged using fluorescence microscope.
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strains, which is indicative of G1/S phase (Drury et al., 1997) (Figure 2.4B). This
data implies PP2ACdc55 only regulates Cdc6 stability in mitosis, which agrees with our
findings in Figure 2.1A and 2.2A. Similar phenotypes and localization patterns in
Δcdc55 and cdc55-101 for Cdc6 stability strengthen the idea that the regulatory
subunit Cdc55 is specific for Cdc6. We also imaged GFP-tagged Cdc6 in WT and
cdc55-101 cells (Figure 2.4C). In wild type cells, Cdc6 was expressed in large
budded cells, correlating with previous data of Cdc6 mitotic expression (Drury et al.,
1997) (Figure 2.4C). Cdc6 was expressed earlier during mitosis in the cdc55-101
mutant compared to wild type cells (Figure 2.4C). We conclude that PP2A Cdc55 does
not regulate the timing of Cdc6 gene expression.

2.2.4. Clb2 stabilizes Cdc6 via the Cdc6 N-terminus
We tested if Cdc6 suppression in Δclb2 cells is mediated through Cdc6 Nterminus. CDC6-T368A mutant contains an alanine mutation at the C-terminal
phospho-degron, stabilizing Cdc6 while N-terminal phospho-degron remains intact
(Al-Zain et al., 2015; Perkins et al., 2001). Cdc6-T368A was prominently stabilized in
mitosis compared to WT Cdc6 cells, confirming published results (Perkins et al.,
2001) (Figure 2.5). In Δclb2 cells, Cdc6-T368A became unstable both in log-phase
and mitotic-arrested cells, supporting the notion that Clb2 shields the Cdc6 Nterminal phospho-degron (Figure 2.5) (Örd et al., 2019b). We next measured Cdc6
levels in Δclb2 cells using a Cdc6 mutant that contains alanine substitutions in the Nterminus and C-terminal phospho-degrons, CDC6-T39A-T368A. CDC6-T39A
contains a mutation at the N-terminal phospho-degron and has been shown to add
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Figure 2.5. Cdc6-T368A is unstable in Δclb2 cells. CDC6-PrA (WT), CDC6-T368A-PrA or Δclb2
CDC6-T368A-PrA cells were incubated to log phase or arrested in mitosis by nocodazole. Protein
extracts were subjected to western blot analysis to visualize Cdc6-PrA. Pgk1 was used as a loading
control. (B) Cdc6 protein levels in A were quantified and normalized to WT. Three independent
biological replicates were performed. An average of the relative Cdc6 band intensity is shown. Error
bars are SEM (n=3; Δclb2 CDC6-T368A-PrA *p=0.0442 was calculated using unpaired Student’s ttest).
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stability to the Cdc6-T368A mutant (Al-Zain et al., 2015). Interestingly, the CDC6T39A-T368A phospho-mutant was synthetic lethal in Δclb2 cells (Figure 2.6).
Tetrads that would result in the Δclb2 CDC6-T39A-T368A haploid strain failed to
grow (Figure 2.6). This result highlights the importance of Cdc6 N-terminal region in
Clb2 binding.
We also performed a serial dilution assay to measure cell viability of GALCDC6-T368A and GAL-CDC6-T39A-T368A in the presence or absence of Clb2. The
following strains were used as controls: wild type, Δclb2, CLB2 GAL-CDC6, CLB2
GAL-CDC6-T368, and CLB2 GAL-CDC6-T39A-T368A cells which all grew on
galactose plates (Figure 2.7). Deletion of CLB2 reduced cell viability when Cdc6T39A-368A was overexpressed, suggesting that the Cdc6-Clb2 interaction is needed
to maintain cell viability in GAL-CDC6-T39A-T368A cells (Figure 2.7). In comparison,
the viability of the control strains remained largely unaffected by Cdc6
overexpression (Figure 2.7).
Next, we examined Cdc6 protein stability in Δclb2 cells by galactose promoter
(GAL) dependent induction-repression experiments. Various Cdc6 phosphorylation
mutants were first overexpressed under the GAL promoter, then repressed by
glucose to follow Cdc6 stability (Figure 2.8A). Cdc6 protein levels in GAL-CDC6,
GAL-CDC6-T368A or GAL-CDC6-T39A-T368A were measured by a time course
after transcription shut-off in glucose, from 0 to 15 minutes, in the presence or
absence of Clb2 (Figure 2.8A and B). First, we looked at the Cdc6 protein level in
galactose. Cdc6 was less stable in GAL-CDC6 with Δclb2, indicating that Clb2
supports Cdc6 protein level even when Cdc6 is overexpressed (Figure 2.8A and B).
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Figure 2.6. CDC6-T39A-T368A is synthetic lethal in Δclb2 cells. Δclb2::LEU/CLB2-wt CDC6T39A-T368A-prA::HIS diploid strains were sporulated. Tetrads were dissected on YPD plates and
incubated for 2 days at 30C. CDC6-T39A-T368A-prA alleles and Δclb2 deletion were identified based
on HIS and LEU markers, respectively. Presence of CDC6-T39-T368 is marked (m) and WT CDC6
(+) on the left. Presence of Δclb2 is marked (m) and WT CLB2 (+) on the right.
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Figure 2.7. Cell viability of mutant Cdc6 in Δclb2 cells. Strains with the indicated genotypes were
serially diluted 10-fold and plated on YPD and YPG plates. Plates were incubated at 30C for 1-2
days.
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Figure 2.8. Mutant Cdc6 stability depends on Clb2. (A) GAL-CDC6-HA strains in Δclb2 cells with
various mutations (T368A, and T39A-T368A) and their WT CLB2-containing counterparts were
expressed with galactose-containing medium for 2 hours and then blocked with nocodazole for 2
hours. Cdc6 expression was suppressed by adding glucose. Samples were collected every 5 min and
subjected to western blot analysis to observe Cdc6-HA. Western blotting images for GAL-CDC6,
GAL-CDC6-T368A, GAL-CDC6-T39A-T368A in Δclb2 cells containing glucose were quantified. (B)
Percentage of Cdc6 protein remaining relative to 0 minutes is shown. Error bars show ± SEM based
on three independent experiments.
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The same trends were observed in GAL-CDC6-T368A which was less stable when
CLB2 is deleted in galactose (Figure 2.8A and B). When both phospho-degrons
were mutated to alanine in GAL-CDC6-T39A-T368A, Clb2 did not affect the Cdc6
level supporting a role of phospho-degrons for protein degradation. Overall, these
results indicate that Cdc6 stability is supported through the N-terminus via Clb2
binding (Örd et al., 2019b). When Cdc6 expression was turned off in glucose, Cdc6
was more rapidly degraded in Δclb2 cells compared to wild type cells across all
Cdc6 strains (Figure 2.8B). Cdc6 was moderately degraded in Δclb2 GAL-CDC6T39A-T368A cells (Figure 2.8A, Lanes 21-24). In agreement with our lab’s
previously published results, Cdc6-T39A-T368A was mildly degraded in wild type
cells during mitosis despite mutations at both phospho-degrons (Al-Zain et al., 2015)
(Figure 2.8A, Lanes 17-20). The data generate two possibilities: 1) Cdc6 is targeted
by a SCF-independent protein degradation mechanism, and 2) CLB2 enhances
CDC6 transcription. Evidence for Cdc6 degradation by an SCF-independent
mechanism has been previously suggested (Drury et al., 2000).

2.2.5. Cdc14 contributes to Cdc6 stability in mitosis
Cdc14 phosphatase is required for mitotic exit upon its release from Net1 in
late anaphase (Stegmeier et al., 2004) (See Chapter 1). It has been reported that
Cdc14 targets Cdc6 and other pre-RC proteins (Zhai et al., 2010). However, it is not
clear if Cdc14 directly targets these replication proteins. Thus, we examined Cdc6
protein levels in a cdc14-3 temperature sensitive mutant. The cdc15-1 mutant was
used as a control, which arrests the cell cycle in late mitosis as well. Cdc15 acts
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upstream in promoting Cdc14 release by activating Dbf2/Dbf20 and Mob1 (Lee et
al., 2001; Mah et al., 2001). Our experiment aimed to clarify Cdc14 specificity for
Cdc6. Cells were first arrested in G1 by α-factor at room temperature. Next, the
temperature was shifted to the non-permissive temperature at 37 degrees upon
release from G1 arrest (Pringle, 1981; Visintin et al., 1998). In cdc14-3 cells, there
was less Cdc6 accumulation in anaphase at 120 minutes compared to cdc15-1 cells
(Figure 2.9A). The cell cycle progressed and arrested in anaphase in both strains at
120 minutes (Figure 2.9B). Cdc6 levels remained the same amongst cdc14-3 and
cdc15-1 cells throughout S phase and early mitosis (Figure 2.9A). The same
experiment was repeated with a time course extended to 180 minutes, showing
Cdc6 levels remained low at 120-180 minutes in the cdc14-3 mutant in contrast to
Cdc6 accumulation detected in cdc15-1 cells (Figure 2.9C). There were no
differences in cell cycle profiles between cdc14-3 and cdc15-1 cells, which excludes
the possibility that Cdc6 levels were affected by cell cycle differences (Figure 2.9D).
This experiment was repeated three times and showed the same trends in Cdc6
levels (Figure 2.9E). From these results, we conclude that Cdc14 stabilizes Cdc6
during late mitosis.

2.2.6. Cdc6-Clb2 interaction is enhanced in Δcdc55 cells
Our previous data implies that PP2ACdc55 reduces Cdc6 protein level in
mitosis (Figure 2.1A). Cdc6-Clb2 binding is mediated through Cdc6 N-terminal
phosphorylation in mitosis (Mimura et al., 2004), which may mask the phosphodegron. We hypothesized that PP2A Cdc55 may interfere with Cdc6-Clb2 association,
thereby exposing the Cdc6 phospho-degron for degradation. To analyze Cdc6-Clb2
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Figure 2.9. Cdc6 protein level is suppressed in cdc14-3 cells during cell cycle. (A) cdc14-3
(cdc14-3 CDC6-9MYC) and cdc15-1 (cdc15-1 CDC6-9MYC) were synchronized in G1 with alpha
factor for 3 hours at 23C, then were released into fresh YPD medium at 37C. Cells were collected at
20-minutes intervals for 120 minutes. Cdc6-MYC protein levels were analyzed by western blot. (B)
The same samples were subjected to FACS analysis. (C) Samples from (A) were synchronized in G1
with alpha factor for 3 hours at 23C, then were released into fresh YPD medium at 37C. Cells were
collected at 60-minutes intervals for 180 minutes. (D) Samples from (A) were used for FACS analysis.
(E) Cdc6-MYC protein levels were analyzed by western blot analysis and the bands were quantified.
Error bars show ± SEM based on three independent experiments.
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binding, we performed co-immunoprecipitation (co-IP) using wild type and Δcdc55
cells. A fraction of total Cdc6 was pulled down from mitotic-arrested cells using antiMYC agarose beads and Clb2 was detected by western blot analysis (Figure 2.10A).
Cdc6 was stabilized in Δcdc55 cells compared to wild type cells, which supports our
previous results in 2.2.1 (Figures 2.10A, Lanes 3 and 6). There was more Clb2
bound to Cdc6 in Δcdc55 cells than in wild type cells (Figure 2.10A, compare Lane 3
and Lane 6). Three biological repeats were performed to emphasize enhanced
Cdc6-Clb2 binding in Δcdc55 cells (Figure 2.10B). This finding supports a scenario
in which PP2ACdc55 dephosphorylates Cdc6 to disrupt Cdc6-Clb2 binding.

2.2.7. Cdc6 T7 phosphorylation during mitosis
Cdc6-T7, -T23 phosphorylations facilitate Cdc6-Clb2 binding in mitosis
(Mimura et al., 2004; Örd et al., 2019b). This protein complex potentially shields Nterminal phospho-degron T39-S43 and promotes Cdc6 accumulation. PP2A Cdc55
physically interacts with Cdc6 in mitosis (Boronat et al., 2007). Since PP2ACdc55
downregulates Cdc6 levels, we excluded the possibility that PP2A Cdc55 targets
phospho-degron T39-S43. We hypothesized that PP2A Cdc55 targets Cdc6 at T7
and/or T23 to release Clb2 from Cdc6. We raised a custom antibody specific to
Cdc6-T7 phosphorylation (Cdc6-T7p). In wild type cells, Cdc6-T7 phosphorylation
was suppressed throughout the cell cycle (Figure 2.11A). In cdc55-101 cells, Cdc6T7 was phosphorylated between 40-120 minutes after G1 release, most noticeably
at 80 minutes (Figure 2.11A and 2.11B). Clb2 was expressed at 60 minutes and
degraded in wild type. In contrast, Cdc6 was slightly stabilized at 60-80 minutes in
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Figure 2.10. Cdc6-Clb2 binding is enhanced in Δcdc55 cells. (A) WT cells and Δcdc55 cells were
arrested in mitosis as described in Figure 2.1. Clb2 was pulled down with Cdc6 by coimmunoprecipitation (co-IP) using anti-MYC antibody at 4C for 1 hour. Cdc6-MYC and Clb2 were
analyzed by western blot analysis. B) Pulled-down Cdc6-MYC and Clb2 bands were quantified and
ratioed. Error bars are SEM (n=3; Cdc6 Δcdc55 *p=0.0205, Clb2 Δcdc55 ***p=0.0003, Clb2:Cdc6
Δcdc55 ****p=0.0001 was calculated using unpaired Student’s t-test).
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Figure 2.11. Cdc6-T7 is hyperphosphorylated in cdc55-101 cells. (A) CDC6-9MYC (WT) or
CDC6-9MYC cdc55-101 (cdc55-101) cells were arrested in G1 by alpha-factor and released. Cdc6
and Clb2 were visualized by anti-MYC antibody and anti-Clb2 antibody, respectively. Cdc6-T7
phosphorylation was detected by phospho-specific antibody. (B) Band intensities from A were
quantified. (C) Samples from (A) were subjected to FACS analysis to analyze cell cycle progression.
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cdc55-101 cells (Figure 2.11A) (Wäsch et al., 2002). Flow cytometry analysis
showed that there was an S-phase entry delay in cdc55-101 cells between 20-40
minutes (Figure 2.11C, arrow), confirming the previous result in Figure 2.2A. Our
data suggest that PP2ACdc55 dephosphorylates Cdc6-T7 to suppress Cdc6 levels in
mitosis. Stabilized Clb2 in cdc55-101 cells suggest that PP2ACdc55 may regulate
Clb2 degradation (see Discussion).

2.2.8. Phosphorylations at T7 and T23 provide Cdc6 stability
We hypothesized that PP2ACdc55 dephosphorylates Cdc6-T7 in mitosis, which
potentially prevents Cks1 docking at phospho-T7 and hinders Cdc6-Clb2 binding. To
demonstrate that Cdc6 accumulation depends on phospho-T7, we designed the
following Cdc6 phosphorylation mutants: CDC6-T7A-T23A-T39A-S43A-T368AS372A-13MYC, CDC6-T23A-T39A-S43A-T368A-S372A-13MYC, and CDC6-T39AS43A-T368A-S372A-13MYC (Figure 2.12A). These proteins were named Cdc6-6A,
Cdc6-T7, and Cdc6-T7-23, respectively (Figure 2.12A). Each construct was
integrated into the URA locus by transformation, while endogenous Cdc6 still exists
in the same strain. The N- and C-terminal phospho-degrons are dispensable in
these Cdc6 phospho-mutants, which disables SCF-dependent Cdc6 ubiquitylation
(Drury et al., 1997; Drury et al., 2000). The Cdc6 protein levels in these mutants
were analysed during mitosis by western blotting (Figure 2.12B). Endogenous Cdc6
was observed in wild type, Δclb2, Δcdc55 cells and confirmed our finding that Cdc55
inhibits Cdc6 accumulation (Figure 2.12B, Lanes 7-9). Cdc6-6A was the least stable
mutant compared to T7 and T7-T23 mutants, which was most likely attributed to the
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Figure 2.12. Loss of T7 reduces Cdc6 stability. (A) Schemes that depict endogenous Cdc6 and
mutants Cdc6-6A, Cdc6-T7, Cdc6-T7-23. (B) Endogenous Cdc6 in WT (CDC6-9MYC), Δclb2 (Δclb2
CDC6-9MYC), Δcdc55 cells (Δcdc55 CDC6-9MYC) and the indicated Cdc6 phospho-mutants were
pulled-down using anti-MYC agarose beads after 2-hour nocodazole treatment. Endogenous Cdc6,
Cdc6-6A, Cdc6-T7, and the bound Clb2 were analysed by western blot with anti-MYC and anti-Clb2
antibody, respectively.
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loss of T7 phosphorylation (Figure 2.12B, Lane 10-12). This observation supports an
idea that phosphorylation of Cdc6-T7 and -T23 facilitates Cdc6-Clb2 binding
(Mimura et al., 2004). Next, we monitored the level of Clb2 bound to Cdc6 by Co-IP
(Figure 2.12B). There was no detectable Clb2 bound to Cdc6-6A, which confirms
that Cks1 docking at phospho-Cdc6-T7 facilitates Cdc6-Clb2 interaction (Figure
2.12B, Lane 10). We observed more Clb2 binding to Cdc6-T7 and even more to
Cdc6 T7-T23 (Figure 2.12B, Lane 11-12). We conclude that Cdc6-T7 and Cdc6-T23
phosphorylations support Cdc6-Clb2 association and stabilize Cdc6 in mitosis.
2.2.9. PP2ACdc55 dephosphorylates T7 to disrupt Clb2-Cdc6 binding
Our previous data implied PP2ACdc55 inhibits Cdc6-Clb2 binding (Figure
2.10A). Clb2 failed to associate with pull-down Cdc6-6A, supporting the idea that
phosphorylation of Cdc6 T7 is a major crux of Cdc6-Clb2 binding (Figure 2.12B,
Lane 10). To test if PP2A Cdc55 affects Cdc6 phosphorylation status, we examined
Cdc6 level CDC55 and Δcdc55 cells using Cdc6 phosphorylation mutants (Figure
2.13A). First, we compared Cdc6 protein levels. In log-phase cells, Cdc6-6A
remained unstable in comparison to Cdc6-T7 and Cdc6-T7-23 in wild type cells as
mentioned in Figure 2.12A (Figure 2.13A, Lanes 1-3). Expectedly, the Cdc6-6A
protein level was not altered in Δcdc55 cells, which indicates PP2ACdc55 specificity for
T7 in vivo (Figure 2.13A, Lane 1 and 4, 7 and 10). In contrast, we observed slightly
more Cdc6-T7 and Cdc6-T7-23 in Δcdc55 cells than in CDC55 cells (Figure 2.13A,
compare Lanes 8-9 and Lanes 11-12).
Next, Cdc6-T7 phosphorylation level was examined in CDC55 and Δcdc55
cells in the context of Cdc6-Clb2 binding. We tested T7 phosphorylation level in
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Figure 2.13. Phosphorylation of T7 stabilizes Cdc6 during mitosis. (A) Cdc6 phospho-mutants
mentioned in Figure 2.12 were precipitated in WT cells and Δcdc55 cells using the same procedures
described in Figure 2.12. (B) CDC6-6A (CDC55 CDC6-T7A-T23A-T39A-S43A-T368A-S372A13MYC), Δcdc55 CDC6-6A (Δcdc55 CDC6-T7A-T23A-T39A-S43A-T368A-S372A-13MYC), CDC6-T7
(CDC55 CDC6-T23A-T39A-S43A-T368A-S372A-13MYC) and Δcdc55 CDC6-T7 (Δcdc55 CDC6T23A-T39A-S43A-T368A-S372A-13MYC) were arrested in mitosis by nocodazole. Cdc6-6A and
Cdc6-T7 phospho-mutants were then precipitated using anti-MYC agarose beads. Cdc6-T7
phosphorylation (Cdc6-T7p) was detected by phospho-specific antibody. (C) Bands from B were
quantified and the ratio between Cdc6-T7p:Cdc6 and Clb2:Cdc6 are shown. Error bars are SEM
(n=3; Cdc6-T7p:Cdc6 *p=0.0468, Clb2:Cdc6 **p=0.0034 was calculated using unpaired Student’s ttest).
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Cdc6-6A and Cdc6-T7 mutants using T7 phospho-specific antibody. There was no
change in Cdc6-6A protein level between CDC55 and Δcdc55 cells, as expected
(Figure 2.13B, Lanes 5-6). Cdc6-T7 phosphorylation was not observed in Cdc6-6A
due to the T7A mutation (Figure 2.13B, Lanes 5-6). There was more Cdc6 observed
in the CDC6-T7 cells and moreso in Δcdc55 CDC6-T7 cells, probably because the
T7 phosphorylation site is still intact in Cdc6-T7 cells (Figure 2.13A). The level of
Cdc6 T7 phosphorylation was increased in Δcdc55 mutant cells relative to CDC55
cells (Figure 2.13B, compare Lanes 7 and 8). Cdc6-T7 phosphorylation was
quantified and normalized to the Cdc6 total protein level based on three independent
biological repeats, which showed overall more Cdc6-T7 phosphorylation when
CDC55 is absent (Figure 2.13C). In the same samples, Clb2 binding was abolished
in CDC6-6A strains as expected (Figure 2.13B, Lanes 5-6). Cdc6-T7 interacted with
Clb2; this interaction was enhanced when Cdc55 is deleted (Figure 2.13B, Lanes 78). We conclude that PP2ACdc55 dephosphorylates T7 to disrupt Cdc6-Clb2 binding in
vivo.
2.2.10. Cdc6-6A degradation is independent of SCFCdc4
SCFCdc4 primarily targets Cdc6 phospho-degrons, but has also been shown to
physically interact with residues 1-18 (Drury et al., 1997). Cdc6-6A was noticeably
less stable than Cdc6-T7 (Figure 2.12B, Lanes 10-11). Similarly, Cdc6-T7 was less
stable than Cdc6-T7-T23 (Figure 2.12B, compare Lane 11 and Lane 12). The
phospho-degrons in these Cdc6 constructs are disabled, which raise possibility that
Cdc6 is degraded independently from these two phospho-degrons at T39-S43 and
T368-T372. To confirm that Cdc6-6A instability is independent of the SCF complex,
63

we examined endogenous Cdc6, and Cdc6-6A and Cdc6-T7 protein levels in cdc4-1
cells (Figure 2.14). Cells were first arrested in mitosis at permissive temperatures,
then transferred to 37C° for two hours in order to inactive Cdc4 function.
Endogenous Cdc6 stability was rescued after 1-2 hours at 37C°, which corroborates
with previous data (Drury et al., 1997) (Figure 2.14, Lanes 1-3). In contrast, Cdc6-6A
was degraded in absence of Cdc4 at 37C°, suggesting that Cdc6 has a SCF Cdc4
independent degradation mechanism (Figure 2.14, Lanes 4-6). Cdc6-T7 was more
stable than Cdc6-6A at non-permissive temperatures, which indicates Clb2-Cdc6
interaction through Cdc6-T7 phosphorylation protects Cdc6 from degradation (Figure
2.14, Lanes 7-9). Clb2 was used as a mitotic marker in all three strains (Figure
2.14). This data also supports the idea that Cdc6 can be degraded independently of
SCFCdc4 if all of the phospho-degrons are disabled.

2.2.11. PP2ACdc55 and Cdc14 dephosphorylates Cdc6 in vitro
We determined that PP2ACdc55 dephosphorylates Cdc6-T7 in vivo (Figure
2.13B). Based on data in Figure 2.9C, we hypothesized Cdc14 stabilizes Cdc6 by
dephosphorylating N- and C- terminal phospho-degrons during anaphase. Mihkel
Örd of Dr. Mart Loog’s lab at University of Tartu tested our hypotheses by
performing the following dephosphatase assays with purified PP2A Cdc55 and Cdc14.
Recombinant Cdc6 mutants that contained a single, accessible CDK
phosphorylation site were used as substrates (Figure 2.15). The N-terminal fragment
of Swe1 and Csa1 were used as controls for PP2A Cdc55 (Harvey et al., 2011) and
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Figure 2.14. Cdc6-6A is not targeted by SCFCdc4. Mutants cdc4-1 CDC6 (cdc4-1 CDC6-9MYC),
cdc4-1 CDC6-6A (cdc4-1 CDC6-T7A-T23A-T39A-S43A-T368A-S372A-13MYC), and cdc4-1 CDC6T7 (cdc4-1 CDC6-T23A-T39A-S43A-T368A-S372A-13MYC) were arrested in mitosis for 2 hours at
23C°, then were transferred to 37C°. Cells were collected at 1-hour intervals for 2 hours. Cdc6-MYC
and Clb2 protein levels were analyzed by western blot with anti-MYC and anti-Clb2, respectively.
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Figure 2.15. PP2A and Cdc14 dephosphorylate Cdc6-T7, -T23, and T368-S372, respectively.
Full length Cdc6, Cdc6-T23A-T39A-S43A-T368A-S372A (Cdc6-T7), Cdc6-T7A-T39A-S43A-T368AS372A (Cdc6-T23), Cdc6-T7A-T23A-T39A-S43A (Cdc6-T368-S372) were phosphorylated for 60
minutes at room temperature using purified Clb5-Cdk1 in the presence of [γ-32P]-ATP. At time 0, Sic1
and phosphatase Cdc14 or PP2ACdc55 were added to the reactions to inhibit Clb5-Cdk1. A time
course was taken, and samples were measured for dephosphorylation. N-Swe1 was used as a
positive control for PP2ACdc55 and Csa1 for Cdc14. The samples were loaded on SDS-PAGE and
following electrophoresis, the gels were stained using Coomassie Brilliant Blue. Signals were
quantified using ImageQuant TL. Three independent biological replicates of the phosphatase assays
were performed. Error bars are SEM (n=3).
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Cdc14 (Örd et al., 2020), respectively. Cdc6, Sic1, Swe1(1-450) and Cdc14, and
Csa1 were expressed in E. coli cells. Sic1 and Swe1(1-450) were purified by
standard cobalt affinity chromatography. Cdc14 was then purified using nickel affinity
chromatography with imidazole used for elution. Clb5-Cdk1 complex was purified
from a yeast culture in which Clb5 was overexpressed from a GAL1 promoter as
described previously (Puig et al., 2001; Ubersax et al., 2003). The PP2ACdc55
complex was purified from yeast cells containing Cdc55 (Anastasia et al., 2012) first
phosphorylated by Clb5-Cdk1, then a mixture containing Sic1, PP2A Cdc55 or Cdc14
was added to inhibit Clb5-Cdk1 and start dephosphorylation. Cdc6
dephosphorylation by purified PP2ACdc55 and Cdc14 was monitored by γ32P (Figure
2.15). Both phosphatases were shown to dephosphorylate Cdc6. Specifically,
PP2ACdc55 dephosphorylates Cdc6-T7 and -T23 whereas Cdc14 dephosphorylates
C-terminal phospho-degron T368-S372 (Figure 2.15). Overall Cdc6 phosphorylation
is reduced in Cdc6-T23, -T39, and -S43 due to the lack of T7, which is needed for
Cks1 docking and subsequent Cdc6-Clb2 binding (Figure 2.15) (Örd et al., 2019b).
Altogether, these results confirm our hypotheses that PP2A Cdc55 dephosphorylates
Cdc6-T7, -T23, and Cdc14 dephosphorylates Cdc6-T368-S372.

2.2.12. Sic1 releases Clb2 from Cdc6 to promote origin licensing
Sic1, Cdc6, and Cdh1 work cooperatively to suppress Clb-Cdc28 activity
during mitotic exit (Calzada et al., 2001). However, a mechanism that ties the 3 CDK
inhibitors has not been established. Similar to APCCdh1, Sic1 is a key regulator of
Clb2-Cdk1 inhibition that drives origin licensing in G1 (Dahmann et al., 1995;
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Lengronne et al., 2002; Wäsch et al., 2002). Both Cdh1 and Sic1 promote efficient
licensing of replication origins. We hypothesized that Sic1 regulates the Clb2-CDK
complex that is bound to Cdc6 during mitosis to promote origin licensing. The CDC6T39A-T368A strain was used to obtain stable Cdc6 expression (Al-Zain et al., 2015).
To ensure Clb2 stability, we pulled down Cdc6-T39A-T368A in Δcdh1 cells. After
arresting cells in mitosis by nocodazole, we utilized the GAL promoter to
overexpress Sic1 with galactose addition or repressed Sic1 expression with glucose
(Figure 2.16A). Sic1 repression did not change the dynamics of Clb2-Cdc6-T39AT368A binding (Figure 2.16A, Lanes 7-9). After an hour of transient Sic1 expression,
less Clb2 is bound to Cdc6-T39A-T368A (Figure 2.16A, Lane 11). A mild decrease
in immuno-precipitated Cdc6 is also observed (Figure 2.16A, Lane 11). Two hours of
Sic1 overexpression led to a sharp decrease in Clb2 association with Cdc6-T39AT368A and less IP Cdc6-T39A-T368A (Figure 2.16A, Lane 12). This drop in pulleddown Clb2 and Cdc6 is depicted as a Clb2:Cdc6 ratio based on three biological
repeats (Figure 2.16B). We conclude that Sic1 promotes Clb2 release from Cdc6 in
vivo.
We next tested if Sic1 promotes Mcm2-7 loading using a biochemical
approach with purified proteins (Ayuda-Durán et al., 2014; Remus et al., 2009; Seki
et al., 2000). Dirk Remus from Memorial Sloan-Kettering Cancer Center performed
the following experiments to define the interactions between Cdc6,
Clb2·Cdc28·Cks1, and Sic1. The stringent regulation of intracellular Cdc6 protein
levels by proteolytic degradation in both G1 and S phase severely hampers the
purification of endogenous Cdc6 from these cell cycle stages even after galactose-
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Figure 2.16. Sic1 outcompetes Cdc6 for Clb2 binding in mitosis. (A) GAL-SIC1 CDC6-T39AT368A Δcdh1 (GAL-SIC1-HA CDC6-T39A-T368A-PrA Δcdh1) cells were arrested in mitosis by
nocodazole for 2 hours before the addition of glucose or galactose. Samples were collected at the
indicated time points and protein extracted (INPUT). Cdc6-T39A-T368A-PrA was pulled down by antiIgG Dynabeads. Pull-down samples (IP) were analyzed by western blot to visualize Sic1, Cdc6-T39AT368A, and Clb2. (B) Clb2:Cdc6-T39A-T368A IP ratio relative to time 0 from A is shown. Error bars
are SEM (n=3; Glucose p=0.8414, p=0.0729, ns, not significant; Galactose ****p<0.0001, **p=
0.0090, was calculated using unpaired Student t-test).
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induced overexpression. However, we observed that extended overexpression of
TAPTCP-tagged Cdc6 upon release from -factor arrest induces a mitotic arrest
phenotype in yeast cells, characterized by the presence of a large elongated bud
(Figure 2.17A). Intriguingly, Cdc6 isolated from whole-cell extracts of such mitotically
arrested cells exists in a stable stoichiometric complex with three additional proteins
that were identified as Clb2, Cdc28 and Cks1 by mass-spectrometry (Figure 2.17B).
The formation of this complex after Cdc6 overexpression is consistent with the
previous observation of a Cdc6·Clb2·Cdc28 complex in G2/M cells (Mimura et al.,
2004). Importantly, using gel-filtration analysis, we find that Cdc6 is released from
the Clb2·Cdc28·Cks1 complex in the presence of the CDK inhibitor Sic1, which itself
forms a stable complex with Clb2·Cdc28·Cks1 (Figure 2.17C).
Since Clb2-Cdk1 binding to Cdc6 has been proposed to inhibit the origin
licensing activity of Cdc6 as part of cellular re-replication control mechanisms
(Mimura et al., 2004), we tested the ability of Cdc6·Clb2·Cdc28·Cks1 to promote
Mcm2-7 loading onto DNA in conjunction with purified ORC and Cdt1·Mcm2-7,
analogous to experiments described previously with purified Cdc6 (Remus et al.,
2009). Using this approach, we find that Cdc6·Clb2·Cdc28·Cks1 does not support
the formation of salt-stable MCM complexes on DNA, indicating that Cdc6 in
complex with Clb2·Cdc28·Cks1 is inactive for Mcm2-7 loading (Figure 2.17D, Lanes
1-2). Importantly, normal Mcm2-7 loading was observed in reactions containing both
purified Sic1 and Cdc6·Clb2·Cdc28·Cks1 (Figure 2.17D, Lanes 3-4), indicating that
Clb2·Cdc28·Cks1 sequesters Cdc6 and that this form of Cdc6 inhibition can be
reversed by release of Cdc6 from the Cdc6·Clb2·Cdc28·Cks1 complex by Sic1.
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Figure 2.17. Sic1 releases Cdc6 from Clb2-CDK to promote origin licensing. (A) GALoverexpression of TAP-tagged Cdc6 arrests with elongated buds. (B) Cdc6 was expressed and
purified from M-phase cell extracts. The elution profile of the Clb2·Cdc28·Cks1·Cdc6 complex after
ion-exchange chromatography is shown. (C) Purified Clb2·CDK·Cdc6 complex and Sic1 were
analyzed by gel-filtration. Fractions were analyzed by SDS-PAGE and silver staining. Elution
positions are indicated on the top. Gel-positions of indicated proteins are located on the right. (D)
MCM loading assays with purified ORC, Clb2·Cdc28·Cks1·Cdc6, Cdt1·Mcm2-7, and Sic1 on origin
DNA immobilized on paramagnetic beads. Loading was performed in the presence or absence of
Sic1 and the presence of either a salt wash (left) or ATP (right).
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However, we noted that Orc6 is efficiently phosphorylated in the presence of
Cdc6·Clb2·Cdc28·Cks1, as indicated by the pronounced gel-mobility shift of Orc6
(Figure 2.17D, compare Lanes 1 and 3). This Orc6 phosphorylation is inhibited in the
presence of Sic1, indicating that Clb2-Cdc28 retains partial kinase activity in the
Cdc6·Clb2·Cdc28·Cks1 complex. Since CDK phosphorylation inhibits the Mcm2-7
loading function of ORC (Frigola et al., 2013), it was possible that the inhibition of
Mcm2-7 loading in the presence of Cdc6·Clb2·Cdc28·Cks1 was due to ORC
phosphorylation and not Cdc6 sequestration. However, we noted that not only
Mcm2-7 loading, but even Mcm2-7 recruitment to ORC/Cdc6 intermediate complex,
which can be monitored in the presence of ATPS, is inhibited in the presence of
Cdc6·Clb2·Cdc28·Cks1 (Figure 2.17D, Lanes 5-6), and this inhibition is again
reversed in the presence of Sic1 (Figure 2.17D, Lanes 7-8). Since ORC
phosphorylation specifically inhibits Mcm2-7 loading but not Mcm2-7 recruitment
(Frigola et al., 2013), this data demonstrates that the mechanism of licensing
inhibition by Cdc6·Clb2·Cdc28·Cks1 complex formation is distinct from that by CDK
phosphorylation of ORC. In summary, we conclude that Clb2-Cdc28 inhibits Cdc6 by
physical sequestration and this inhibition is reversible by the Sic1-mediated release
of Cdc6 from the Cdc6·Clb2·Cdc28·Cks1 complex.
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2.3. Summary
We obtained results that demonstrate the contradictory roles of PP2A Cdc55 and
Clb2 in regulating the Cdc6 protein level in mitosis. PP2A Cdc55 is active and present
in the nucleus in early mitosis to dephosphorylate Cdc6-T7 and -T23, releasing Cdc6
from Clb2·Cdc28·Cks1 complex in mitosis. This observation supports a previous
report that shows PP2ACdc55 prefers phospho-threonines over phospho-serines
(Godfrey et al., 2017). Our data imply an essential role for the Cdc6 N-terminal
phospho-degron in mitotic progression with Clb2 (Figure 2.6). The results emphasize
the notion that the N-terminal and C-terminal phospho-degrons are differentially
regulated during mitosis. Cdc14 specificity for T368-S372 supports this concept
(Figure 2.15). It is also likely that Cdc6-Clb2 binding potentially inhibits a Cdc6
degradation mechanism that is partially dependent on the SCF complex (Figure 2.8A
and Figure 2.14). Another possibility is that Cdc6-Clb2 binding enhances CDC6
transcription (see Discussion). As a result of Cdc6 dephosphorylation by PP2A Cdc55,
Clb2-Cdc28 activity increases, triggering Cdc14 release from Net1 and subsequent
Cdc14 dephosphorylation events that include Sic1, Swi5, and Cdh1 (Visintin et al.,
1998) (Figure 2.18). Sic1 accumulation, which is enhanced by Swi5, causes the
release of Cdc6 from Clb2·Cdc28·Cks1 complex and prevents re-binding. Lastly,
Cdc14 contributes to Cdc6 protein stability by dephosphorylating Cdc6 C-terminal
phospho-degron in anaphase (Figure 2.18). We propose a model that illustrates this
temporal mechanism in which cells control the start of origin licensing by Clb2Cdc28 release and sequential dephosphorylation of Cdc6 (Figure 2.19). Such a
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Figure 2.18. Phosphatase activity controls the mitotic network of proteins. In early M, PP2ACdc55
inhibits Cdc14 release and promotes a rise in Clb2-Cdc28 activity by dephosphorylating Cdc6. Clb2Cdc28 is released from Cdc6. During late M, Clb2-Cdc28 initiates Cdc14 release from inhibitory
binding by Net1. Cdc14 targets Swi5, Sic1, Cdh1, and Cdc6, contributing to full suppression of Clb2Cdc28 activity and origin licensing. Dashed lines indicate a reduced effect.
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Figure 2.19. Dual regulation of Cdc6 by PP2A and Cdc14. Clb2·Cdc28·Cks1 complex binds to
phosphorylated Cdc6 N-terminus to mask the phospho-degron and prohibits Cdc6 loading on DNA.
PP2ACdc55 dephosphorylates Cdc6-T7 and -T23 sites to disrupt Cdc6·Clb2·Cdc28·Cks1 complex.
Cdc14 dephosphorylates C-terminal phospho-degron on Cdc6 for stabilization. Sic1 releases
Clb2·Cdc28·Cks1 from Cdc6 in conjunct with Clb2 degradation by the APC/C to promote origin
licensing. Red arrows indicate sites and motifs where Clb2-Cdc28 inhibits Cdc6 loading. Dashed lines
indicate reduced binding.
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mechanism maintains a balance of Clb2-Cdc28 activity throughout mitosis as well as
preserving an appropriate Cdc6 protein level for pre-RC assembly in early G1.
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Chapter 3 Cdc6, Cdc4, Clb2, and Cdc55 Predicted Structure Modelling
Chapter 3.1: Introduction
The critical elements in Cdc6 responsible for Cdc6·Clb2·Cdk1·Cks1 binding
are not well understood. The Cdc6 N-terminus comprises the 4 N-terminal CDK sites
T7, T23, T39, S43, the two major SLiMs

29RxL31

and 47LxF49, all of which are

important for Cdc6 phospho-regulation (Drury et al., 1997; Elsasser et al., 1999;
Mimura et al., 2004; Örd et al., 2019b). It has been proposed that intrinsically
disordered regions (IDRs), domains that lack a defined three-dimensional structure,
contained in human ORC and Cdc6 contribute to the control of DNA replication
(Hossain et al., 2021). Human Cdc6 was proposed to contain SLiMs to promote preRC assembly and bind to numerous proteins (Hossain et al., 2021). In yeast, Cdc6
structure analysis has been limited to intermediary complexes such as ORC-CDC6
and ORC·CDC6·CDT1·MCM structures (Evrin et al., 2014; Sun et al., 2013; Sun et
al., 2012). Cdc6 instability hinders structural analyses of isolated Cdc6. Our
objective was to clarify the dynamics of Cdc6-Clb2 binding, Cdc4-Cdc6 binding, and
PP2ACdc55-Cdc6 binding. In collaboration with Andriele Silva at Brooklyn College, we
describe a predicted Cdc6 protein structure with bioinformatical tools and explore the
dynamics of Cdc6 binding to regulatory proteins throughout the cell cycle.

3.2: Results
3.2.1. Cdc4-Cdc6 binding interface
IDRs in Cdc6 were identified by several programs including IUPred
(Mészáros et al., 2018) and Anchor (Mészáros et al., 2009), which include: 1) Cdc6-
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N terminus residues 1-59, and 2) Cdc6 C-terminus residues 350-378 (Figure 3.1A).
Next, we constructed a full-length Cdc6 structure model by extracting the known
structure from Protein Data Bank (PDB ID: 5V8F) (Yuan et al., 2017), which was
lacking some of the key functional residues and regions e.g., 1-59, 68-80, 129-163
and 349-387. These regions fall into the IDRs identified in Figure 3.1A. We
generated a complete structural representation of Cdc6 through predictions of both
IDRs and secondary structure combined with template-based modelling and ab initio
approaches (See Methods). The missing regions modeled in the Cdc6 N-terminus
span residues 1-59 (Figure 3.1B) as well as the centrally located residues 350-378
(Figure 3.1B), which correspond to the predicted IDRs mentioned in Figure 3.1A.
The Cdc6 N-terminal IDR comprises four Cdk1 consensus sites (T7, T23, T39, S43)
and two cyclin binding motifs RxL and LxF, all of which are critical for Cdc6
phospho-regulation (Figure 3.1B). The Cdc6 C-terminal IDR (residues 350-378)
contains phospho-degron T368-S372 (Figure 3.1B). We illustrate our predicted
model and the critical residues in Figure 3.1C. Phosphorylation sites are commonly
enriched in IDRs, supporting the Cdc6 bioinformatic results (Iakoucheva et al.,
2004).
We also compared our Cdc6 structural model with the recently released
AlphaFold tool and evaluated the model quality using the Verify 3D software (Figure
3.2A). The 3D-1D profiles from Verify 3D measure the compatibility of the primary
structure of a protein with its three-dimensional structural environment in the model.
An average 3D-1D score of 0.2 (shown by the green line in the plots) denotes the
threshold of acceptable model quality i.e., scores around this threshold or above are
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Figure 3.1. Cdc6 is predicted to contain N-terminus and C-terminus Intrinsically Disordered
Regions (IDRs). (A) Disordered regions were mapped using ANCHOR2 and IUPred2 software. (B)
Intrinsically disordered regions predicted by DISOPRED and secondary structure elements predicted
by PSIPRED are shown. Cdc6: M1-S53 was identified as a disordered region involved in protein
binding, and F351-Y378 as a disordered region not involved in protein binding. The rest of the protein
consists of alpha-helices (pink) and a few beta sheets (yellow). (C) A full length Cdc6 protein
structure composed of 513 amino acids was predicted based on the amino-acid sequence and known
structure information (cyan and orange on the right). N-terminal highly disordered region spans in 159 residues (orange box and highlighted on the left). T7 is in red, T23 is in green, RxL motif is in black
and LxF motif in purple. N-terminal phospho-degron is located at T39-S43 and C-terminal phosphodegron is at T368-S372.
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Figure 3.2. A prediction of IDRs in Cdc6. (A) Cdc6 structure from AlphaFold with internally
generated confidence scores. (B) 3D-1D Score by Verify3D program are shown for Cdc6 structures
by AlphaFold and our modeling program. The green line represents the 3D-1D score = 0.2 that
indicates threshold for model quality. The red boxes display the location of phospho-degrons (T39S43;T368-S372). Each amino acid residue is distinguished by arrows and the red horizontal arrows
indicate the position of IDRs.
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inferred as correctly modeled regions. The phospho-degrons (red boxes) scored
close to or at the 0.2 threshold in our model, while both regions score well below the
threshold in the Alphafold model. This is also consistent with low confidence scores
(less than 70) generated by AlphaFold’s internal confidence rating (Figure 3.2A,
yellow and orange). The scores in the structured regions of both models are
comparable. Thus, our model outperforms the AlphaFold model in the region of the
IDRs (Figure 3.2B).
Cdc4 of the SCF complex was comprised of helices and β-sheet strands
(Figure 3.3A). The F-box that binds tightly to Cdc6 phospho-degrons was predicted
to be a stable, defined structure (Figure 3.3A). Cdc4 binds to Cdc6 in S phase and
mitosis, but the mechanism in which Cdc4 binds to Cdc6 N-terminal and C-terminal
phospho-degrons is not well-understood. A model of Cdc4-Cdc6 binding was
generated using the software tool Robetta (Figure 3.3B). Docking analysis
suggested that Cdc4 separately target Cdc6 phospho-degrons. During S phase,
Cks1 docking at Cdc6 phospho-T7 and subsequent multisite phosphorylation of
Cdc6 N-terminus potentially shifts Cdc4 ubiquitylation to the N-terminus (Örd et al.,
2019b) (Figure 3.3B, left). Supported by a previous report (Perkins et al., 2001), this
prediction tool indicates Cdc4 targets C-terminal phospho-degron T368-S372 in
mitosis (Figure 3.3B, right). Cdc4-Cdc6 binding also vary in these two predicted
scenarios by numerous stable binding dynamics. During S phase, Cdc4-R527
hydrogen bonds with Cdc6-P40 whereas Cdc4-K561 and Cdc6-E41 form a stable
salt bridge (Figure 3.3C). Cdc6-P40 and -E41 are adjacent to phospho-degron T39-
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Figure 3.3. Cdc6-Cdc4 has two docking scenarios for S phase and mitosis. (A)
DISOPRED analysis of Cdc4 identifies minimal disordered regions. The majority of Cdc4 consists of
beta-strands (yellow), coils (grey), and a few alpha helices (pink). (B) Docking scenario depicting the
predicted interaction of Cdc6 with Cdc4 in S phase (left) and in mitosis (right). (C) Locations of key
residues of Cdc6-Cdc4 binding in S phase (left) and mitosis (right) are indicated.
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S43, which suggests a role for these nearby residues in promoting Cdc4-Cdc6
binding. In mitosis, Cdc4-E505 and -D502 were predicted to form a salt bridge with
Cdc6-T368 and Cdc6-P373, respectively (Figure 3.3C). From this analysis, we
propose that Cdc4-Cdc6 does not bind to both Cdc6 N-terminal and C-terminal
phospho-degrons simultaneously, but rather individually.

3.2.2. Cdc6-Clb2 binding interface
Next, several programs were used for a predictive analysis of the structure of
Clb2. The data show a large disordered region in the N-terminus of Clb2 located
from residues 1-210 which is implicated in its protein binding interactions (Figure
3.4A). Both the APC interacting KEN box (residue 85 and 100) and the destruction
box (D-box) (residues 25-33) are located in the disordered region of Clb2 (Glotzer et
al., 1991; Pfleger et al., 2000; Radivojac et al., 2010) (Figure 3.4B). The ordered
regions of Clb2 include the hydrophobic patch (N260, L264, Y267, K270), which
facilitates protein binding to disordered regions in substrates such as Cdc6 (Hunt,
1991; Örd et al., 2019b) (Figure 3.4B). The modelled full-length Clb2 structure
showed that the N-terminus is largely disordered but adopts local helical or helical
turn conformations upon binding to protein partners (Figure 3.4C). The docking
analysis of Cdc6-Clb2 complex corroborates a previous report that the binding
depends on the hp of Clb2 (Örd et al., 2019b) (Figure 3.5A). Cdc6-Clb2 interaction is
stabilized by salt bridges identified between Clb2-K270 and Cdc6-E45 (Figure 3.5B).
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Figure 3.4. A computational model of Clb2 structure. (A) Schematic showing destruction box (Dbox), KEN box, and the hydrophobic patch in key regions of Clb2. (B) Intrinsically disordered regions
predicted by DISOPRED and secondary structure elements predicted by PSIPRED are shown. Clb2
N-terminus 1-50 was identified as an intrinsic disordered region involved in protein binding. The
remainder of Clb2 comprises of a mixture of disordered and non-disordered regions. (C) Clb2
structure with hydrophobic patch (green). Disordered region is highlighted on the right with KEN Box
(pink) and D-Box (yellow).
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Figure 3.5. Predicted Cdc6-Clb2 structure by bioinformatics. (A) Cdc6-Clb2 binding structure with
Cdc6 IDR (orange), Cdc6 LQF motif (purple), Cdc6 N-terminal phospho-degron (blue), Cdc6 Cterminal phospho-degron (pink), Clb2 D-box (yellow), Clb2 KEN Box (light blue), and Clb2
hydrophobic patch (green). (B) Cdc6-Clb2 interaction through Cdc6-E45 (purple) and Clb2-K270
(green). Red bar shows salt bridge.
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Notably, Clb2-K270 is found within an alpha helix associated with Cdc6- Clb2
binding (Figure 3.5B). Cdc6 N-terminal phospho-degron T39-S43 appears buried
within the binding complex, leaving C-terminal phospho-degron T368-S372 exposed
to potential modifications (Figure 3.5A). This docking analysis supports the idea that
Cdc6-Clb2 binding shields the N-terminal phospho-degron and shifts proteolytic
degradation to the Cdc6 C-terminal phospho-degron. A previous report emphasizes
residue -2E from 44PEKLQF49 motif in cyclin-substrate binding (See Discussion) (Örd
et al., 2020). The Clb2 D-box, which is located in the disordered N-terminus, was
potentially made inaccessible to the APC in this binding conformation (Figure 3.5A).
Therefore, this predicted binding scenario also supports the idea that Cdc6-Clb2
association masks Cdc6 N-terminal phospho-degron and shifts SCF recognition to
the Cdc6 C-terminal phospho-degron.

3.2.3. Cdc55 contains a robust structure for targeting phosphorylated residues
The crystal structure of PP2ACdc55 from yeast cells is not known. As a large
heterotrimer, it is possible that PP2ACdc55 crystal structure has proven challenging to
isolate in S. cerevisiae. Reports have mentioned that regulatory subunit Cdc55
retains structural similarities with the mammalian homolog regulatory subunit B55
(Xu et al., 2008). Therefore, we predicted Cdc55 computational structure based on
the B55 subunit using the analysis and verification tools previously mentioned in this
chapter (Figure 3.6). Similar to B55, Cdc55 is predicted to contain flexible
substrate receptors called WD40 domains (Figure 3.6). Many F-box proteins of the
SCF complex are comprised of WD40 repeating domains that preferentially target
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Figure 3.6. Computational model of PP2A regulatory subunit Cdc55. A predicted Cdc55 structure
based on PDB.
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phosphorylated substrates such as Sic1 (Nash et al., 2001; Orlicky et al., 2003) and
Cdc6 (Drury et al., 1997; Perkins et al., 2001). The β-propeller structure is typical of
the WD40 domain, which is observed within the Cdc55 structure (Figure 3.6).
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3.3. Summary
Our results use computational analyses to predict an isolated Cdc6, Cdc4,
Clb2, and Cdc55 structure to understand the Cdc6 binding dynamics during mitosis.
Cdc6 CDK phosphorylation sites have been identified in IDRs. The known binding
partners of Cdc6, Cdc4 and Clb2, associate with Cdc6 IDRs through ordered regions
(Figure 3.3B and Figure 3.5A). This creates a pattern of intrinsically disorderedordered binding among Cdc6-protein interactions. Our data imply that Cdc4 bind to
Cdc6 N- and C-terminal phospho-degrons separately throughout the cell cycle,
which is supported by our previous experiments in Chapter 2 and previously
published work (Perkins et al., 2001). Clb2-K270 is predicted to bind to Cdc6-E45
within 44PEKLQF47 located in the Cdc6 N-terminus. This is in good agreement with
published data that shows Cdc6-Clb2 binding depends on Clb2 hp and LxF motif in
Cdc6 (Örd et al., 2019b). In the Cdc6-Clb2 binding complex, the N-terminal
phospho-degron T39-S43 is tucked away, supporting an idea that Clb2 stabilizes
Cdc6 through shielding T39-S43. Cdc6-T7 and -T23 appear to stick out from the
complex, which support the notion that PP2A Cdc55 dephosphorylates these available
sites in mitosis, which we have previously shown (Figure 2.13B and Figure 2.15).
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Chapter 4 Discussion
4.1.1. Phosphatases promote Pre-RC assembly and DNA replication
Our findings demonstrate the opposing roles of PP2A Cdc55 and Clb2 in
regulating the Cdc6 protein level in mitosis. We confirm that Cdc6·Clb2·Cdc28·Cks1
binding stabilizes Cdc6 partially through shielding the N-terminus phospho-degron.
By dephosphorylating Cdc6-T7 and -T23, PP2A Cdc55 potentially promotes origin
licensing by disrupting the Cdc6·Clb2·Cdc28·Cks1 binding complex (Figure 2.19).
However, cdc55 cells are viable which means that there is another mechanism to
license the origins. We found that Sic1 releases Clb2·Cdc28·Cks1 from Cdc6,
preventing re-binding of Clb2 to Cdc6. Lastly, Cdc14 dephosphorylates Cdc6 Cterminal phospho-degron in late mitosis to ensure Cdc6 stability for origin licensing.
These findings cement a role for PP2A and Cdc14 in removing inhibitory CDKdependent phosphorylation of Cdc6 so that cells can reset the cell cycle for G1
entry.
Previous work in Xenopus eggs extracts indicated that immunodepletion of
the trimeric PP2A complex inhibits replication initiation without regulating pre-RC
assembly (X.-H. Lin et al., 1998). A follow-up study suggested that PP2A targets
proteins required for DNA replication initiation but not elongation proteins (Chou et
al., 2002). This same study speculates Cdc6 is an unlikely target for PP2A Cdc55 once
loaded on DNA (Chou et al., 2002). Cdc6 stability did not differ in Δcdc55 (Figure
2.1A) nor in cdc55-101 cells (Figure 2.2A and Figure 2.2B) during G1, which aligns
with the authors’ conclusion (Chou et al., 2002).
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It is possible that there are other PP2A targets involved in DNA replication.
Origin firing factors Sld2 and Sld3 have been implicated as potential substrates for
phosphatases (Bloom et al., 2007b). A recent report confirms Sld2 and Sld3 as
substrates for phosphatases PP2ACdc55, PP2ARts1, and PP4 in S phase (Jenkinson et
al., 2021). Sld2 and Sld3 dephosphorylation was shown to be important for
promoting origin firing and the release of the pre-IC from origins (Jenkinson et al.,
2021). These data coincide with our work that shows an S-phase delay in cdc55-101
cells, which demonstrates a role for PP2A in promoting DNA replication (Figure
2.2C). Cdc6 is notably expressed early in mitosis despite the S-phase entry delay in
cdc55-101 cells (Figure 2.2A and Figure 2.2C). Microscopy images of Cdc6-GFP in
cdc55-101 cells are in agreement with this observation (Figure 2.4C). Thus, we
conclude that early Cdc6 expression in CDC55 mutants does not contribute to Sphase progression. This implicates PP2A as a positive regulator of origin firing via
Sld2 or Sld3.
Phosphatase activity must be tightly controlled since a moderate level of CDK
activity is required for early S-phase events (Masumoto et al., 2002; Nash et al.,
2001; Nguyen et al., 2001). Cdc55 localizes at the bud cortex, vacuolar membrane,
cytoplasm, and nucleus (Gentry et al., 2002; Rossio et al., 2011). Proteins
Zds1/Zds2 have a key role in Cdc55 cytoplasmic distribution in late mitosis (Queralt
et al., 2008). Proteins of the Greatwall-Endosulphin Alpha pathway, Igo1 and Igo2,
downregulate PP2ACdc55 in S/G2 to control the timing of PP2A function in mitotic
entry (Juanes et al., 2013). Thus, there are numerous mechanisms that regulate
PP2ACdc55 activity throughout the cell cycle. Cells must sustain a balance of kinase
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and phosphatase activity for replication progression and completion. It is worth
studying how each phosphatase activity is maintained as opposed to CDK activity
for S phase.

4.1.2. Cdc14 is a regulator for DNA replication
There is evidence showing that Cdc14 is a key regulator for promoting DNA
replication. When Cdc14 is not properly sequestered in CDC14-TAB6 mutants, cells
show DNA replication defects when Clb5 is deleted (Bloom et al., 2007b). Cdc14
dephosphorylates replication initiation proteins, Orc2, Orc6, Cdc6 and Mcm3 (Zhai et
al., 2010). Ectopic Cdc14 expression induces DNA re-replication, supporting the
idea that Cdc14-dependent dephosphorylation of pre-RC components are
requirement for origin licensing (Zhai et al., 2010). Thus, Cdc14 is a key component
to assemble pre-RCs in late mitosis.

4.1.3. Dephosphorylation of Sic1, Cdc6, and Cdh1 drive origin licensing
We show that Sic1 releases Clb2 from Cdc6, which supports origin licensing
(Figure 2.16A and Figure 2.17D). Sic1 overexpression allows mitotic-arrested cells
to form a pre-RC competent state, supporting our results that Sic1 is involved in
origin licensing (Dahmann et al., 1995). Sic1 contains multiple Cdc28
phosphorylation sites, which include a phospho-threonine Cks1 docking site at the
N-terminus that is used in the Sic1 degradation pathway (Venta et al., 2020) (Figure
1.6). Both Sic1 and Cdc6 trigger an N-to-C-terminal directed multisite
phosphorylation cascade that creates phospho-degrons targeted by SCF Cdc4 via
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Cks1 docking (Örd et al., 2019b; Venta et al., 2020). Thus, Cdc6 and Sic1 share
functional similarity through Cdc28-dependent phosphorylation patterns. PP2A Cdc55
dephosphorylates Cks1 docking site T173 in Sic1 in G1 (Moreno-Torres et al.,
2015). PP2ACdc55-substrate similarities between Cdc6 and Sic1 reflect a potential
preference for Cks1 docking sites (Figure 4.1).
Another potential PP2A Cdc55 substrate is Cdh1, an APC activator which
promotes Clb2 degradation (Schwab et al., 1997). PP2ACdc55 dephosphorylates
Cdc20 for mitotic entry, although the specific dephosphorylation sites remain unclear
(Rossio et al., 2013). Cdh1 contains numerous putative CDK and potential non-CDK
phosphorylation sites, which were distinguished by mass spectrometry (Hall et al.,
2004). These sites include a N-terminal threonine site that may be targeted by
PP2ACdc55 (see Future Directions). Sic1, Cdh1 and Cdc6 are Clb2-Cdk1 inhibitors,
Cdc14 substrates, and SCFCdc4 targets (Calzada et al., 2001; Örd et al., 2019b;
Verma et al., 1997b; Visintin et al., 1998). These observations create a potential
profile for shared PP2ACdc55 and Cdc14 targets.

4.1.4. Phosphatases trigger mitotic exit and Cdc6 stabilization
PP2ACdc55 triggers dephosphorylation events in mitosis to coordinate mitotic
completion (Touati et al., 2019). We propose that Cdc6 dephosphorylation by
PP2ACdc55 releases Clb2, which consequently increases Clb2-Cdc28 activity and
results in Cdc14 activation through Net1 phosphorylation. It is also possible that
PP2ACdc55 directly regulates Clb2 stability for mitotic progression. Low Clb2 protein
levels in Δcdc55 cells suggest that PP2ACdc55 controls the timing of Clb2
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Figure 4.1. PP2ACdc55 and Cdc14 potentially target Cdc6 and Sic1 in mitosis. A proposed
mechanism of dual dephosphorylation of Cdc6 and Sic1 sequentially by PP2A Cdc55 and Cdc14. In
mitosis, PP2ACdc55 dephosphorylates Cdc6-T7, -T23, and potentially targets Sic1 N-terminal Cks1
docking site, T5. During late mitosis, Cdc14 dephosphorylates Cdc6-T368-S372 and possibly Sic1T45-S43 phospho-degron for stabilization. Dashed lines indicate reduced binding.
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degradation (Figure 2.1A and Figure 2.11A). Microscopy data show that a Citrinetagged Clb2 hydrophobic patch mutant (Clb2-hpm-Citrine) yields a higher Clb2
fluorescent intensity than Clb2-Citrine (Örd et al., 2019b). Based on this evidence,
PP2ACdc55-dependent dephosphorylation of Cdc6 and release of Clb2 may set the
timing of Clb2 degradation in mitosis.
Temporal regulation of Cdc14 ensures that substrates are sequentially
dephosphorylated during mitotic exit (Kataria et al., 2018). Clb2-Cdc28 reverses
Net1 dephosphorylation by PP2ACdc55 to release Cdc14 (Azzam et al., 2004; Queralt
et al., 2006), after which APCCdh1 promotes Clb2 degradation, thereby inhibiting
Clb2-Cdc28 activity. Cdc14-dependent Swi5 and Sic1 dephosphorylation promote
efficient Sic1 accumulation at the end of mitosis (Visintin et al., 1998). In turn, Sic1
removes Clb2·Cdc28·Cks1 complex from Cdc6, exposing Cdc6 to partial
degradation (Figure 2.15A). Cdc14 dephosphorylates Cdc6 C-terminal phosphodegron to prevent complete proteolytic degradation (Figure 2.9C and 2.15).
Therefore, timely Cdc14 release from the nucleolus targets at least four components
to achieve a complete inhibition of Clb2-Cdc28 activity during mitotic exit (Figure
2.18).

4.1.5. Cdc6 partially inhibits Clb2-Cdc28 activity
High Clb-Cdc28 activity promotes mitotic progression (Oikonomou et al.,
2011; Stern et al., 1996). Cdc6-T7 phosphorylation is achieved by Cdc28 kinase
activity, which suggests that Cdc6-Clb2 binding does not fully suppress Cdc28
activity (Figure 2.13B, Lane 7). Clb-Cdc28 phosphorylates a number of substrates
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throughout mitosis such as Swe1 and Cdc20 which activate Cdc28 and APC,
respectively. We show that enhanced Cdc6-Clb2 binding in Δcdc55 cells is
dependent on T7 hyperphosphorylation (Figure 2.13B, Lanes 7-8). Therefore, we
propose that PP2ACdc55 promotes an increase of Clb-Cdc28 activity for mitotic events
by dephosphorylating Cdc6. Our data support the idea that PP2A Cdc55 coordinates
multiple mitotic events for mitotic progression (Godfrey et al., 2017; Touati et al.,
2019).

4.1.6. Control of Cdc14 impacts Cdc6 stability
It is worth mentioning that Cdc6 protein levels were not completely
suppressed in cdc14-3 cells during late mitotic arrest (Figure 2.9C). Cdc14
inactivation stabilizes Clb2 and suppresses APCCdh1 activity, which halts mitotic exit
(Visintin et al., 1998). In vitro Cdc14 dephosphorylation assays show that Cdc6 is
hyperphosphorylated upon Cdc14 inhibition (Zhai et al., 2010). Based on this
evidence, our results imply that the Cdc6 C-terminal phospho-degron T368-S372 is
probably hyperphosphorylated in cdc14-3 cells (Figure 2.9C). Chromatin binding
assays exhibited low amounts of Cdc6 associated with chromatin in cdc14-3 cells
(Zhai et al., 2010). Our data demonstrate that Cdc14 dephosphorylates T368-S372
to stabilize Cdc6 in late mitosis (Figure 2.9C and Figure 2.15). Despite Cdc28dependent phosphorylation of T368-S372, we expected Cdc6 to be partially
stabilized by Clb2 association at the Cdc6 N-terminus (Figure 4.2). Sic1
accumulation is also impaired in cdc14-3 cells (Visintin et al., 1998), which stabilizes
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Figure 4.2. Cdc6 stability is balanced by Cdc28, phosphatases and Sic1. Cdc6 is stable in G1
and becomes degradable upon Clb5-Cdc28 phosphorylation in S phase. During mitosis, Cdc6 is reexpressed and highly stable due to the formation of the Cdc6·Clb2·Cdc28·Cks1 complex. PP2A Cdc55
dephosphorylates Cdc6-T7 and -T23 to disrupt Clb2-Cdc28 binding and promote partial Cdc6
degradation. Sic1 and Cdc14 activity promote Cdc6 stability upon re-entry into G1. Pink arrows
indicate sites targeted by the SCF. Dashed lines indicate reduced binding.
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Cdc6-Clb2 binding in late mitosis. Cooperation between Cdc6, Sic1, Clb2, APC, and
Cdc14 are essential for coupling mitotic exit and origin licensing (Figure 2.18).

4.1.7. Distinct regulation of each Cdc6 phospho-degron
Our results demonstrate that Clb2 binding to Cdc6 hinders SCF Cdc4
recognition of the N-terminal phospho-degron, stabilizing Cdc6 in mitosis. The Cdc6
C-terminal phospho-degron is crucial for Cdc6 degradation until Clb2 is released.
We have previously shown that Cdc6 C-terminal phospho-degron is targeted by
Mck1 for protein degradation (Al-Zain et al., 2015; Ikui et al., 2012). Mck1 has a host
of cellular roles in chromosome segregation, genome stability, sporulation, protein
kinase A inhibition, transcriptional regulation, protein degradation, RNA Pol III
inhibition and DNA damage signaling (Al-Zain et al., 2015; Andoh et al., 2000;
Archambault et al., 2005; Desany et al., 1998; Li et al., 2019). By phosphorylating
the Cdc6 C-terminal phospho-degron, Mck1 ensures partial Cdc6 degradation during
mitosis by SCFCdc4 (Figure 4.2) (Al-Zain et al., 2015).
Cdc14 only dephosphorylates the Cdc6 C-terminal phospho-degron (Figure
2.15). Overall phosphorylation of Cdc6 CDK sites T23, T39, and S43 were reduced
due to alanine substitution of T7 (Figure 2.15). This likely reduced phosphatase
specificity for T39-S43, but also implies that phosphatases may not target the Nterminal phospho-degron (Figure 4.3). T39-S43 may require Cdc28 and an
additional kinase for phosphorylation. Differential regulation of the N- and C-terminal
phospho-degrons potentially function to ensure a balance of Cdc6 stability
throughout the cell cycle.
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Figure 4.3. The Cdc6 N-terminal phospho-degron is differentially regulated. A schematic
depicting dephosphorylation sites of PP2ACdc55 and Cdc14 in Cdc6. Cdc28 sites T39-S43 may not be
targeted by phosphatases.
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We observed the differences in viability between Δclb2 GAL-CDC6-T39AT368A and Δclb2 GAL-CDC6-T368A cells, which support the notion of differential
phospho-degron regulation (Figure 2.7). One possible explanation for our results is
that an additive combination of Δclb2 and CDC6-T39A-T368A created a lethal defect
in mitotic progression. CLB2, CDC6, SIC1, and CDH1 act in overlapping pathways
during mitosis. Previous data indicate that Δsic1 CDC6-T39A-T368A cells have
growth defects (Kono et al., 2016). Moreover, Δsic1 Δcdh1 cells that contain a Cdc6
N-terminal deletion (cdc6Δ47) demonstrate severe defects in cytokinesis (Calzada et
al., 2001). The viability of Δclb2 CDC6-T368A cells may imply T39 has a role in
promoting mitotic progression.

4.1.8. PP2ACdc55 substrate specificity
Our study supports a model in which PP2ACdc55 prefers phospho-threonines
over phospho-serines (Godfrey et al., 2017). This raises questions about PP2A Cdc55
activity throughout the cell cycle since threonines are usually late Cdc28 targets
(Godfrey et al., 2017; Örd et al., 2019a). PP2ACdc55 activity is implied during G1
(McCourt et al., 2013), S phase (Jenkinson et al., 2021), and G2/mitosis (Godfrey et
al., 2017; Minshull et al., 1996a). These data create a profile in which PP2A Cdc55
remains active while Cdc14 is sequestered in the nucleolus (Figure 4.4). Zds1 and
Zds2 retain PP2ACdc55 in the cytoplasm when Cdc14 is released (Calabria et al.,
2012; Queralt et al., 2006). Our data also point to the possibility that PP2A Cdc55
reverses Cks1 docking in Cdc28 substrates. Swe1, a known target of PP2A Cdc55,
contains putative Cks1 docking sites that enhance multisite phosphorylation and
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Figure 4.4. Phosphatase activity antagonizes Cdc28 activity during the cell cycle. Cdc28
nuclear activity is low in G1, then rises as cells enter S phase. Kinase activity drops upon mitotic exit.
PP2ACdc55 nuclear activity is proposed to be high enough to target substrates in G1 and S phase, then
decreases in late mitosis. By G1, PP2ACdc55 nuclear activity may be restored. Cdc14 is confined to the
nucleolus and inactive all throughout the cell cycle until release in late mitosis. After mitotic exit,
Cdc14 is trapped in the nucleolus and rendered inactive.
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subsequent nuclear export (McGrath et al., 2013). The N-terminal LxF motif has
been shown to facilitate this Cks1-driven phosphorylation process (Örd et al.,
2019b). Whether or not there is an established pattern in the phase-specific Cks1
docking and triggering subsequent multisite phosphorylation warrants further study.

4.1.9. PP2ACdc55 and Cdc14 have separate functions for DNA damage
The distinction between PP2A and Cdc14 phosphatase activity is
demonstrated in each phosphatases’ response to cellular stress and DNA damage.
Our previously published data demonstrates PP2A Cdc55 inhibits spindle elongation
during replication stress independently from known replication stress pathways
(Khondker et al., 2020). PP2ACdc55 also promotes recovery after DNA replication
stress as part of a PP2A-Swe1-Cdc28-Chk1-Pds1 axis (Haluska et al., 2021). Cdc14
may have multiple functions in the DNA damage response pathway (Villoria et al.,
2017). Cdc14 promotes double strand break recruitment to the proximities of the
spindle pole body, an essential inducer of DNA repair that triggers homologous
recombination (Villoria et al., 2017).

4.1.10. Mammalian homologs of PP2A and Cdc14
Mammalian PP2A consists of a diverse group of regulatory subunits: B (also
known as B55 or PR55), B′ (B56 or PR61), B″ (PR48/PR72/PR130), and B‴
(PR70/PR93/PR110) (Janssens et al., 2001). B55 is the mammalian homologue of
Cdc55 that plays numerous roles in mitosis (Schmitz et al., 2010). Like PP2ACdc55,
PP2AB55 selectively targets phospho-threonines over phospho-serines in vitro
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(Agostinis et al., 1990; Cundell et al., 2016). Subunit PR48 has been identified as a
Cdc6 binding partner through yeast two-hybrid screening (Yan et al., 2000). PR48
mediates protein interaction with the Cdk1 phosphorylation site-containing Cdc6 Nterminus (Yan et al., 2000). PR70 has been implicated in Cdc6 regulation by
enhancing phosphatase activity towards Cdc6 (Davis et al., 2008; Wlodarchak et al.,
2013; Yan et al., 2000). Thus, our data define Cdc6 dephosphorylation by PP2A in a
simple system, which might be a conserved mechanism in higher eukaryotes (Figure
4.5).
Homologs of Cdc14 in mammals, Cdc14A and Cdc14B, retain specificity for
phospho-serine sites (Bremmer et al., 2012). Surprisingly, Cdc14A and Cdc14B
share redundant roles in DNA damage repair and are dispensable for mitotic exit (H.
Lin et al., 2015; Mocciaro et al., 2010; Partscht et al., 2021). Control of mitotic exit is
shifted to PP2AB55 in mammalian cells (Cundell et al., 2013). Thus, CDC14 cell cycle
functions are not conserved between yeast and humans (Figure 4.5).

4.1.11. An expanding role for SLiMs in DNA replication
Recent studies have expanded the role of cyclin-specific SLiMs such as the
RxL or LxF motifs, which dictate Cdc28 substrate specificity and control cell cycle
progression throughout the cell cycle (Bhaduri et al., 2011; Faustova et al., 2021a;
Örd et al., 2020; Örd et al., 2019b). Additional cyclin-specific docking motifs are not
uncommon in cell cycle progression. For example, G1 cyclins Cln1 and Cln2 use a
lysine-arginine-rich helical docking motif, which is also called the K/R motif for
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Figure 4.5. Mammalian homologs of PP2ACdc55 and Cdc14 potentially target Cdc6. A scheme
that depicts PP2ACdc55 and Cdc14 substrate specificity for Cdc6 in budding yeast in comparison with
mammalian PP2A and Cdc14. PP2AB and PP2AB” target Cdc6 but it is not known if Cdc14A and
Cdc14B interact with Cdc6.
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G1-specific events (Faustova et al., 2021b). Cdc6·Clb2·Cdc28·Cks1 binding is
supported by an FQSLP docking enhancer in mitosis (Örd et al., 2019b).
Our data illustrate multiple IDRs on Cdc6 (Figure 3.1B and 3.3A). Notably, the
disordered N-terminal region of Cdc6 include SLiMs such as RxL and LxF motifs,
which supports a model that depicts Cdc6 as a hub for multiple protein-protein
interactions (Figure 3.3A). It is possible that the Cdc6 IDRs are used in G1/S, during
which Cdc6 binds and disengages from ORC, which is followed by SCF-dependent
degradation (Drury et al., 1997; Piatti et al., 1995). IDRs are typically modelled with
low reliability with AlphaFold since they do not contain a secondary structure
(Jumper et al., 2021) (Figure 3.2A). However, the modelling methods discussed in
Chapter 3 shape Cdc6 IDR regions and help form a full picture of Cdc6 protein
structure and folding. The results indicate amino acid residue E45 in the Cdc6 Nterminus 44PEKLQF49 to contribute to Cdc6-Clb2 binding (Figure 3.5B). Cdc6-E45
has been shown to add to cyclin-substrate binding specificity for the LxF motif in
vitro (Örd et al., 2020; Örd et al., 2019b) .
The predicted Cdc6-Cdc4 docking analysis suggest a scenario in which Cdc4
separately binds to Cdc6 in S phase and mitosis (Figure 3.3B). We previously
discussed the potential importance in differential regulation of the N-terminal
phospho-degron and C-terminal phospho-degron. The predicted model illustrates
the N-terminal phospho-degron as part of a stable helical loop and the C-terminal
phospho-degron located in an IDR (Figure 3.3B). This is consistent with our
observation since our phosphatase assay showed neither Cdc14 nor PP2A targeted
the N-terminal phospho-degron (Figure 2.14).
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Clb2 contains several regulatory motifs and a binding motif in regions of
disorder and order, respectively (Figure 3.4B and Figure 3.4C). IDRs usually
associate with structured binding domains, forming a stable transition state
containing secondary and tertiary elements (Dyson et al., 2005). Noticeably, the hp
of Clb2 binds to the Cdc6 LxF motif, which is located in an IDR (Figure 3.5B). Based
on the binding structure, it is possible that the D- and KEN boxes the APC targets for
Clb2 destruction in mitosis may be shielded (See Future Directions). Clb2 is not
degraded by APC until its activator Cdh1 is dephosphorylated by Cdc14, both
requirements for mitotic exit (Wäsch et al., 2002). Our structural data points to a
potential two-step process for Clb2 inhibition and degradation: 1) Clb2 is released
from Cdc6, activating Clb2-Cdc28, and 2) The free Clb2 is inhibited by Sic1 and
degraded by APCCdh1 only after Cdc14 is released from the nucleolus (Figure
2.16A). This would be consistent with the timing of Clb2 degradation, which is a
prerequisite for mitotic exit (Wäsch et al., 2002).
The predicted modelling for Cdc55 indicates a preference for phosphorylated
residues. Based on key conserved features between B55 and Cdc55, we can also
speculate that Cdc55 substrate binding also depends on SLiMs (Fowle et al., 2021).
It is likely that there is a SLiM motif or set of motifs in Cdc6 that facilitates
dephosphorylation by PP2ACdc55 (Figure 4.6). PP2ACdc55-SLiM binding potentially
expands to other PP2ACdc55 substrates to enhance dephosphorylation events
throughout the cell cycle.
Phosphatases are known to utilize SLiMs for substrate docking. In yeast,
Cdc14 scaffolds a PxL motif on its substrates to mediate dephosphorylation events
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Figure 4.6. SLiMs potentially mediate PP2ACdc55-dependent dephosphorylation of Cdc6-T7 and
-T23. A proposed scheme that demonstrates that PP2ACdc55 may bind to one or more SLiMs located
in the Cdc6 N-terminal IDRs to dephosphorylate T7 and T23.
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(Kataria et al., 2018). Cyclin-SLiM binding is a mechanism also conserved in
mammalian cells (Allan et al., 2020; Takeda et al., 2001; Topacio et al., 2019).
Mammalian homolog PP2AB55 recognizes a polybasic docking sequence that flanks
CDK phosphorylation sites (Cundell et al., 2016). PP2AB56, a protein phosphatase of
the same family as PP2AB55 , binds to a specific SLiM defined as LSPIxE in humans
(X. Wang et al., 2016).
In humans, Cyclin A-CDK2 was shown to utilize SLiMs to promote interaction
with Cdc6 and ORC (Hossain et al., 2021). A member of the highly conserved
protein phosphatase family, Protein phosphatase 1 binds to a SLiM in ORC1 to
facilitate ORC1 dephosphorylation and promote pre-RC assembly (Hossain et al.,
2021).

4.1.12. Future Directions
It is not clear how PP2ACdc55 targets its substrates. Cdc6-T7 and -T23 are
Cks1 docking and acceptor sites (Örd et al., 2019b), respectively, that are
dephosphorylated by PP2ACdc55 (Figure 2.15). PP2ACdc55 also dephosphorylates
Sic1 Cks1 docking site T173, which prevents activation of the Sic1 diversionary
pathway in G1 (Moreno-Torres et al., 2015). We speculate that PP2ACdc55 targets
Cks1 docking sites of late Cdc28 substrates. It is worth examining if the Sic1 Nterminal Cks1 docking site T5 is targeted by PP2A Cdc55 in mitosis. To ensure
specificity, the following phospho-mutants would be designed: Sic1-T5 (SIC1-T33AT45A-T48A-S76A-S80-T173A), Sic1-T33 (SIC1-T45-T48A-S76A-S80A-T173A), and
Sic1-6A (SIC1-T5A-T33A-T45A-T48A-S76A-S80A-T173A). Sic1-T5 may be
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hyperphosphorylated in Δcdc55 cells, which can be examined by Phos-tag or a
phospho-specific Sic1-T5 antibody. The methods used for PP2A and Cdc14
dephosphorylation assay would be used to test if PP2A Cdc55 dephosphorylates Sic1T5 and -T33, which would imply PP2A Cdc55 selectivity for Cks1 docking sites.
Reduced phosphorylation of Sic1-T33, Sic1-T45-48, and Sic1-S76-S80 may arise if
T5 is mutated to alanine; in vivo testing is critical for testing if Sic1-T5 and -T33 are
targets for PP2ACdc55. The Sic1-6A mutant would probably be stable in G1 since
Cks1 docking at T5 promotes Sic1 proteolytic degradation (Venta et al., 2020). Our
results would show that PP2ACdc55 inhibits Sic1 degradation in G1.
Sequence alignments show that PP2A Cdc55 substrates Cdc6 and Swe1 have
an isoleucine-proline -2 upstream of their Cks1 docking sites and a KK/R +2
downstream of the docking sites (Örd et al., 2019b). These observations may
identify a potential PP2ACdc55 substrate docking motif. We expect that mutagenizing
these specific residues may reduce PP2A Cdc55 dephosphorylation and characterize a
PP2ACdc55 docking motif.
Cdh1 contains multiple Cdc28 phosphorylation sites and an N-terminal
threonine residue. It was previously shown that the first 3 CDK sites in Cdh1
promote nuclear localization and phosphorylation sites 4-9 regulate Cdh1 binding to
APC and general cellular localization (Höckner et al., 2016). PP2ACdc55 may
dephosphorylate T12, the first Cdh1 Cdc28 site, or T157, which is the sixth Cdc28
site. A Phos-tag would show hyperphosphorylation of Cdh1 in Δcdc55 cells.
Hyperphosphorylation of T12 or T157 may exhibit varying phenotypes. For example,
hyperphosphorylation of T12 in Δcdc55 cause Cdh1 localization in the cytoplasm
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and reduce nuclear localization; a time-lapse microscopy of cdc55-101 cells would
demonstrate nuclear Cdh1 localization throughout the cell cycle.
Hyperphosphorylation of T157 in Δcdc55 cells would reduce binding of Cdh1 to
APC, which can be tested by co-immunoprecipitation of Cdh1 to the scaffold and
catalytic subunit of the APC, Cdc23. Such experiments would expand PP2A Cdc55
substrate specificity for proteins involved in mitotic exit.
We have also suggested the idea that Cdc6 transcription depends on Cdc6Clb2 binding (Figure 2.9A, Lane 5). Using the Clb2 binding mutant, Clb2-hpm, qPCR
analysis of CDC6 transcript levels in Δclb2 and a CLB2-HPM strain may show a
reduction in CDC6 transcription. As controls, we would examine CDC6 transcript
levels in Δclb5 and Δcln3 cells, which would not impact CDC6 transcription. An in
vivo crystallography study of Cdc6·Clb2·Cdc28·Cks1 would clarify how Cdc6-Clb2
binding upregulates CDC6 transcription. Such a study may also determine if Cdc6Clb2 binding shields the D-box and KEN box in Clb2.

4.1.13. Conclusions
In this project, we demonstrate a mechanism that link phosphatases with
DNA replication. We propose a model in which PP2A and Cdc14 sequentially
dephosphorylate Cdc6 to balance Cdc6 protein levels during mitosis. Additionally,
Sic1 promotes origin licensing by releasing Clb2-CDK complex from Cdc6. Through
bioinformatic studies, we show that Cdc6 IDRs promote protein-protein binding
interactions that include Clb2 and Cdc55. Our data on Cdc6 regulation shed light on
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the dynamics of phosphorylation and dephosphorylation that drive DNA replication
initiation upon mitosis exit in S. cerevisiae.

Appendix A1 Methods
Yeast cultures
Yeast extract peptone medium with glucose (YPD) was used to grow cells for
western blot and flow cytometry analysis. Low fluorescence medium with glucose
supplemented with adenine was used to visualize Cdc6-GFP under fluorescence
microscope (Sheff et al., 2004). G1 arrest was achieved by α-factor at 50 nM for 2
hours at 30°C. Cells were washed three times and resuspended in YPD to release
the G1 arrest. Mitotic arrest was achieved by nocodazole at 15g/ml for 2 hours at
30°C.

Yeast strains
Standard methods were used for mating, tetrad analysis and transformation. All
yeast strains are haploid congenic to W303 background. Strain list in this study is in
Appendix A3. The following strains were a generous gift from Angelika Amon:
cdc14-3 and cdc15-1. We also thank Dr. Mart Loog for providing Whi5-mCherry and
Cdc6-Citrine for time-lapse microscopy.

Western blotting and co-IP
Cells were lysed in TBT buffer containing protease inhibitors and Phos STOP
(Roche) with acid-washed glass bead agitation using Fast-Prep as previously

111

described (Bloom et al., 2011). Proteins were separated by SDS-PAGE with Novex
4–20% Tris-glycine polyacrylamide gel (Life Technologies). Cdc6-9MYC was
detected using anti-cMYC antibody 9E10 (Sigma-Aldrich) at 1:5000 dilution and antiPgk1 (Thermo Fisher) at 1:5000 as a loading control. Cdc6-protein A was detected
by HRP-conjugated rabbit IgG (Sigma). Anti-Clb2 antibody is a gift from Frederick
Cross. Images were developed using a Fuji LAS 4000 Imager (GE Healthcare Life
Sciences, Pittsburgh, PA) or Odyssey CLx imager (LI-COR Lincoln, NE). Coimmunoprecipitation was performed with rabbit anti-MYC conjugated agarose beads
(Sigma-Aldrich, St Louis, MO) for 1 h at 4°C. Cdc6-T7 phospho antibody is custom
antibody raised in rabbit (Covance, Princeton, NJ).

FACS
Cells were fixed and stained with propidium iodide staining as previously described
(Epstein et al., 1992). Flow cytometry analysis was performed using a BD Accuri C6
flow cytometer (BD Biosciences). A total of 20,000 cells were analyzed per sample.
FL2 channel was used to detect the fluorescent signal.

Protein purification for in vitro phosphatase assay
Cdc6, Sic1, Swe1(1-450) and Cdc14 were expressed in E. coli BL21RP cells from
pET28a-based vectors as fusions with 6xHis tag. Csa1 was expressed as GST
fusion in BL21RP cells from pGEX-4T1-based vector. The expression of Cdc6 and
Swe1(1-450) was induced at 23 °C using 0.3 mM IPTG, Sic1 at 37 °C using 1 mM
IPTG, Cdc14 at 23 °C using 0.125 mM IPTG, and Csa1 at 16 °C using 0.3 mM
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IPTG. 6xHis-Cdc6, 6xHis-Sic1 and 6xHis-Swe1(1-450) were purified by standard
cobalt affinity chromatography with 200 mM imidazole used for elution. 6xHis‐Cdc14
was purified using nickel affinity chromatography with 250 mM imidazole used for
elution. GST-Csa1 was purified using Glutathione Sepharose (GE Healthcare). Clb5Cdk1 complex was purified from S. cerevisiae culture where TAP-tagged Clb5 was
overexpressed from GAL1 promoter as described previously (Puig et al., 2001;
Ubersax et al., 2003). The yeast lysate was prepared using Mixer Mill MM 400
(Retch). PP2ACdc55 complex was purified from yeast cells containing 3HA-tagged
Cdc55 (Anastasia et al., 2012). The yeast culture was grown in YPD to OD600=1.4,
when the cells were collected and snap frozen. The cells were lysed using Mixer Mill
MM 400. The lysate was cleared by centrifugation and the supernatant was
incubated with anti-HA agarose beads for 3 hours. The beads were washed
thoroughly and PP2ACdc55 was eluted with buffer containing HA dipeptide.

In vitro dephosphorylation assay
Substrate proteins Cdc6, Swe1(1-450) and Csa1 at 500 nM concentration were
phosphorylated for 60 minutes at room temperature using 2 nM Clb5-Cdk1 in a
buffer containing 50 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 5 mM MgCl 2, 20 mM
imidazole, 2% glycerol, 0.2 mg/ml BSA, and 500 μM ATP [(with added [γ-32P]-ATP
(Hartmann Analytic)]. Prior to addition of phosphatase mix, an aliquot of the reaction
was pipetted to SDS sample buffer. Then, a mixture containing Sic1 and
phosphatase Cdc14 or PP2ACdc55 was mixed with the phosphorylation reactions to
inhibit Clb5-Cdk1 and to measure the dephosphorylation. The final concentration of
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Sic1 was 1 µM. At 4, 8 and 16 minutes, an aliquot of the reaction was mixed with
SDS sample buffer to stop the reaction. The samples were loaded on SDS-PAGE
and following electrophoresis, the gels were stained using Coomassie Brilliant Blue
R-250 dye and dried.
γ‐32P phosphorylation signals were detected using an Amersham Typhoon 5
Biomolecular Imager (GE Healthcare Life Sciences). Signals were quantified using
ImageQuant TL (Amersham Biosciences). The dephosphorylation assays were
performed in three independent replicate experiments by Mihkel Ӧrd and Mart Loog.

Microscope
Images were acquired with Nikon Eclipse Ti2 microscope with 60X Oil CFI Plan APO
Lambda lens. Fluorescence illumination is provided by Sola light engine and images
were captured by Nikon DS-Qi2. Images were acquired by Nikon NIS element
software.

Time-Lapse movie
Yeast cultures were grown at 30°C in synthetic complete media with 2% glucose
(SC) to OD600 0.2-0.6, and placed on 0.08 mm cover glass and covered with 1-mm
thick 1.5% agarose (NuSieveTM GTGTM Agarose, Lonza) pad made with SC.
Images were acquired using Zeiss Observer Z1 microscope with Axiocam 506 mono
camera (Zeiss), 63X/1.4NA oil immersion objective and Tempcontrol 37–2 digital
(PeCon) to keep the sample at 30°C. Time-lapse imaging was performed using ZEN
software, an automated stage and Definite Focus. Phase-contrast, Citrine and
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mCherry images were taken every 3 min for 8 hours from up to 12 positions. Colibri
LED modules at 25% power were used to excite the fluorescent proteins. Cdc6Citrine was imaged using Zeiss Filter Set 46 and Colibri 505 LED module for 500
ms. Whi5-mCherry was imaged using Zeiss Filter Set 61 HE and Colibri 540-580
LED module for 750 ms. The analysis was carried out using MATLAB. The cells
were segmented and tracked based on the phase-contrast image, followed by
quantification of the nuclear fluorescence signals as described in Doncic et al., 2013
(Doncic et al., 2013). The nuclear signal was obtained by applying a 2D Gaussian fit
to the brightest point in the cell and assigning the 25% with highest signal as the
nucleus. The cytoplasmic fluorescence signal was considered as background and
was subtracted from the nuclear signal. For every strain, data are from at least two
repeats with different transformants.

Protein purification for Mcm2-7 loading assay
Sic1 was purified as described before (Gros et al., 2014). ORC and Cdt1·Mcm2-7
were purified as described previously (Remus et al., 2009). For
Cdc6·Clb2·Cdk1·Cks1, cells (strain YDR12) were grown in 10 L of YPD at 25 °C to a
density of 2 x 107 ml-1, arrested in G1 phase by addition of 50g ml-1 -factor,
harvested by centrifugation, resuspended in 10 L YP / 2 % galactose lacking factor, and incubated at 25 °C overnight to induce expression of Cdc6-TAP TCP. Next
day, cells were harvested by centrifugation, washed twice with cold 25 mM Hepes
pH 7.6 / 1 M sorbitol, once with buffer H (25 mM Hepes-KOH pH 7.6 / 0.02 % NP-40
/ 10 % glycerol) / 300 mM KCl, resuspended in 0.5x volume of buffer H / 300 mM
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KCl / 2 mM DTT / protease inhibitor cocktail, and frozen as droplets in liquid
nitrogen. The resulting ‘popcorn’ was stored at -80 °C until further processing. Cell
lysate was prepared by crushing the frozen popcorn in a freezer mill (SPEX
CertiPrep 6850 Freezer/Mill) for 6 cycles of 2 minutes at a rate of 15 impacts per
second. Crushed cell powder was thawed on ice, resuspended with 1 volume of
buffer H / 0.3 M KCl / 1 mM DTT. Insoluble material was pelleted by centrifugation of
the lysate in a type 45 Ti rotor (Beckman) for 60 minutes at 40,000 rpm. The clarified
extract was supplemented with 2 mM CaCl2 and incubated with 1 ml calmodulin
affinity beads for 2 hours at 4ºC. The calmodulin resin was washed with 10 CV of
buffer H / 300 mM KCl / 2 mM CaCl2 / 1 mM DTT, and bound protein eluted with 10
CV of buffer H / 300 mM KCl / 1 mM EDTA / 2 mM EGTA / 1 mM DTT. Peak
fractions were pooled, concentrated by centrifugation through an Amicon spin
concentrator, digested for 4 hours at 4 °C with TEV protease to remove the TAP TCP
tag, and subsequently fractionated by gel-filtration using a 24 ml Superdex 200
column equilibrated in buffer H / 300 mM KCl / 1 mM EDTA / 1 mM EGTA / 1 mM
DTT. Peak fractions were pooled, diluted with 2x volumes of buffer H / 1 mM EDTA /
1 mM EGTA / 1 mM DTT to a final salt concentration of 100 mM KCl, and
fractionated on a 1 ml Mono S ion exchange column using an elution gradient of 0.1
– 1 M KCl over 10 CV. Peak fractions were pooled and stored in aliquots at -80ºC
after snap freezing in liquid nitrogen. For the original identification of the Cdc6associated proteins by mass-spectrometry, purified complex was fractionated by
SDS-PAGE, individual Coomassie-stained bands excised from the gel, and proteins
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subjected to mass-spectrometric analysis after in-gel trypsin digestion using
standard protocols.

Gel-filtration analysis of Sic interaction with Cdc6·Clb2·Cdk1·Cks1
6 g of Sic1, 4 g Cdc6·Clb2·Cdk1·Cks1, or a mixture of 6 g Sic1 and 4 g
Cdc6·Clb2·Cdk1·Cks1 were incubated in a 50 l reaction volume containing buffer H
/ 300 mM KCl / 1 mM EDTA / 1 mM EGTA / 1 mM DTT for 10 minutes at room
temperature, fractionated on a 2.4 ml Superdex 200 PC 3.2/30 column, and fractions
analyzed by SDS-PAGE and silver stain.

Mcm2-7 loading assay
Purified Mcm2-7 loading onto linear 1 kbp ARS-containing DNA immobilized on
paramagnetic beads using was performed as described previously (Remus et al.,
2009), except that 50 nM Cdc6·Clb2·Cdk1·Cks1 was used in place of Cdc6. Where
indicated, Sic1 was included at 500 nM.

Prediction of intrinsically disordered regions in Cdc6 and Clb2
The intrinsically disordered regions and disordered binding regions of Cdc6 were
predicted using DISOPRED (Ward et al., 2004), IUPRED2A (Mészáros et al., 2018),
PrDOS , MFDp2 (Mizianty et al., 2013), and CSpritz (Walsh et al., 2011). A
consensus was derived by combining the high confidence predictions from all these
programs.
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Structure modeling of Cdc6 and Clb2
The atomic coordinates for Cdc6 isolated from the cryo-EM structure of ORC-Cdc6Cdt1-Mcm2-7 intermediate (OCCM; PBD ID: 5V8F) (Yuan et al., 2017) were
extracted and used to build a full-length template of Cdc6. The 140 missing residues
from this structure for Cdc6 was modeled separately via an ab initio modeling
program QUARK (Zhang et al., 2016). The full-length Cdc6 model was constructed
by combining above mentioned fragment and extracted coordinates of Cdc6 using
MODELLER (Eswar et al., 2006) and further refined using 3DRefine (Bhattacharya
et al., 2016). Clb2 was modeled using a hybrid threading approach, ab initio, and
template-based approach based on the algorithm, I-TASSER (Iterative Threading
ASSEmbly Refinement) (Roy et al., 2010). I-TASSER identifies structural templates
from the PDB by a multi-threading server, LOMETS (S. Wu et al., 2007), and then
constructs full-length atomic models by iterative template-based fragment assembly
simulations. The IDR in Clb2 was modeled independently using QUARK (Zhang et
al., 2016) and incorporated to create a full-length model in similar manas described
above for Cdc6. Both the full-length modeled structures were meticulously evaluated
by various structure verification programs, including VERIFY3D (Eisenberg et al.,
1997), Voromqa (Olechnovič et al., 2017), Proq3 (Uziela et al., 2016), and
ProsaWeb (Wiederstein et al., 2007). These programs employ a variety of methods
inclusive of deep learning approaches to evaluate the quality of the models. The final
models were chosen by selecting the best evaluation profiles and their correlation
with known functional features. The models were visualized and analyzed for their
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biophysical properties using the visualization programs Pymol (Schrodinger, 2010),
and ChimeraX (Pettersen et al., 2021).
Appendix A2 Primers used in this study
Primer #
JP0038
JP0039

Sequence
GTATCGATAAGCTTGATATCGTCTGGCTTGCGATTTGTTGT
GTGGATCCCCCGGGCTGCAGGCTACAGATCCTCTTCTGAGA

Appendix A3 Plasmids used in this study
Plasmid #
JPP022
JPP024
JPP026

Genotypes
pRS406-CDC6-T7A-T23A-T39A-S43A-T368A-S372A-13MYC
pRS406-CDC6-T23A-T39A-S43A-T368A-S372A-13MYC
pRS406-CDC6-T39A-S43A-T368A-S372A-13MYC

Appendix A4 Yeast Strains
Strain#
JPY003
JPY009
JPY011
JPY005
JPY002
JPY029
JPY030
JPY032
JPY033

JPY183
JPY175

Genotypes
MATa bar1 CDC6-9MYC::TRP1 ADE2 leu2-3 trp1-1
ura3-1 his3-11
MATa bar1 Δclb2::ADE2 CDC6-9MYC::TRP1 ade2-1
leu2-3 trp1-1 ura3-1 his3-11
MATa bar1 Δcdc55::KanMX CDC6-9MYC::TRP1
ADE2 leu2-3 trp1-1 ura3-1 his3-11
MATalpha CDC6-9MYC::TRP1 Δclb5::URA3 ade2-1
leu2-3 trp1-1 ura3-1 his3-11
MATa bar1 CDC6-9MYC::TRP1 Δrts1::KanMX ADE2
leu2-3 trp1-1 ura3-1 his3-11
MATa bar 1 CDC6-PRA::HIS3 ade2-1 leu2-3 trp1-1
ura3-1 his3-11
MATa bar 1 CDC6-PRA::HIS3 Δclb2::LEU2 ade2-1
leu2-3 trp1-1 ura3-1 his3-11
MATa bar 1 CDC6-PRA::HIS CDC55-MYC::KanMX
ade2-1 leu2-3 trp1-1 ura3-1 his3-11
MATa bar1 CDC6-PRA::HIS cdc55-101MYC::KanMX ade2-1 leu2-3 trp1-1 ura3-1 his3-11
MATalpha whi5::Whi5-mCherry::SpHIS5
ura3::PCDC6-CDC6-yeCitrine::URA3
cdc6::natNT2::GALS-3HA-CDC6 ADE2 leu2-3 trp1-1
ura3-1 his3-11
MATalpha cdc55-101-MYC::KanMX whi5::Whi5mCherry::SpHIS5 ura3::PCDC6-CDC6119

Origin
This study
This study
This study
This study
This study
This study
This study
This study
This study

from Mart Loog
This study

yeCitrine::URA3 cdc6::natNT2::GALS-3HA-CDC6
ADE2 leu2-3 trp1-1 ura3-1 his3-11
MATalpha Δcdc55::KanMX whi5::Whi5mCherry::SpHIS5 ura3::PCDC6-CDC6yeCitrine::URA3 cdc6::natNT2::GALS-3HA-CDC6
JPY174 ADE2 leu2-3 trp1-1 ura3-1 his3-11
MATalpha CDC6-GFP::HIS3 ADE2 leu2-3 trp1-1
JPY193 ura3-1 his3-11
MATalpha cdc55-101-MYC:KanMX CDC6JPY192 GFP::HIS3 ADE2 leu2-3 trp1-1 ura3-1 his3-11
MATa bar 1 CDC6-T368A-PRA::HIS3 ade2-1 leu2-3
JPY056 trp1-1 ura3-1 his3-11
MATa bar 1 CDC6-T368A-PRA::HIS3 Δclb2::LEU2
JPY057 ade2-1 leu2-3 trp1-1 ura3-1 his3-11
MATalpha Δclb2::LEU2 ade2-1 leu2-3 trp1-1 ura3-1
JPY048 his3-11
MATa bar1 CDC6-T39A-T368A-prA::HIS3 ade2-1
BCY581 leu2-3 trp1-1 ura3-1 his3-11
MATalpha URA3::GAL-CDC6-HA ADE2 leu2-3 trp1JPY069 1 his3-11
MATalpha Δclb2::LEU2 URA3::GAL-CDC6-HA ADE2
JPY066 leu2-3 trp1-1 his3-11
MATa URA3::GAL-CDC6-T368A-HA ADE2 leu2-3
JPY068 trp1-1 his3-11
MATalpha Δclb2::LEU2 URA3::GAL-CDC6-T368AJPY065 HA ADE2 leu2-3 trp1-1 his3-11
MATalpha URA3::GAL-CDC6-T39A-T368A-HA leu2JPY067 3 trp1-1 his3-11
MATalpha Δclb2::LEU2 URA3::GAL-CDC6-T39AJPY064 T368A-HA leu2-3 trp1-1 his3-11
MATa bar 1 CDC6-9MYC::TRP1 cdc14-3 ade2-1
JPY117 leu2-3 trp1-1 ura3-1 his3-11
MATa bar 1 CDC6-9MYC::TRP1 cdc15-1 ade2-1
JPY129 leu2-3 trp1-1 ura3-1 his3-11
MATa bar 1 URA3::CDC6-T7A-T23A-T39A-S43AJPY123 T368A-S372A-13MYC ADE2 leu2-3 trp1-1 his3-11
MATa bar 1 URA3::CDC6-T23A-T39A-S43A-T368AJPY124 S372A-13MYC ADE2 leu2-3 trp1-1 his3-11
MATa bar 1 URA3::CDC6-T39A-S43A-T368AJPY125 S372A-13MYC ADE2 his3-11 leu2-3 trp1-1
MATalpha Δcdc55:KanMX URA3::CDC6-T7A-T23AT39A-S43A-T368A-S372A-13MYC ade2-1 leu2-3
JPY126 trp1-1 his3-11
MATa bar 1 Δcdc55:KanMX URA3::CDC6-T23AT39A-S43A-T368A-S372A-13MYC ade2-1 leu2-3
JPY127 trp1-1 his3-11
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JPY128
JPY074
JPY217
JPY222
JPY087
YDR12

MATalpha Δcdc55:KanMX URA3::CDC6-T39AS43A-T368A-S372A-13MYC ADE2 his3-11 trp1-1
MATa CDC6-9MYC::TRP1 cdc4-1-ts ade2-1 his3-11
leu2-3 ura3-1
MATa URA3::CDC6-T7A-T23A-T39A-S43A-T368AS372A-13MYC cdc4-1-ts ade2-1 his3-11 leu2-3 trp11
MATalpha URA3::CDC6-T23A-T39A-S43A-T368AS372A-13MYC cdc4-1-ts ade2-1 his3-11 leu2-3 trp11
MATalpha URA3::GAL-SIC1-HA CDC6-T39AT368A-prA::HIS3 Δcdh1::LEU2 ade2-1 leu2-3 trp1-1
his3-11
MATa cdc15-2 bar1::kanMX pep4::HIS3
ura3::Pgal1,10-CDC6-TAPtcp (URA3) ade2-1 ura3-1
his3-11,15 trp1-1 leu2-3,112 can1-100

This study
This study
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This study
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